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Abstract / Kurzfassung 
 
This work investigates the removal of volatile methylsiloxanes (VMS) from 
biogas using dense, rubbery membranes. It consists of the following: 
a) thorough overview of already established and still developing siloxane 
removal technologies, 
b) detailed investigation of a viable sampling and analytical method, 
c) screening of different elastomers to identify siloxane-selective membrane 
materials, 
d) design of a suitable membrane structure, i.e. theoretical considerations 
about the thicknesses of the active separation layer and the porous support 
layer, 
e) assessment of the siloxane separation performance of a silicone membrane 
module using both synthetic gas under laboratory conditions and real 
landfill gas, 
f) comparison between the state-of-the-art technology (adsorption on 
activated carbon) and membrane-based processes. 
Suitable polymers for siloxane removal from biogas exist, however, they are not 
commercially available as membranes. Among the elastomers studied, 
Pebax®2533 is particularly promising. The use of a membrane made of this 
material could potentially become new state-of-the-art technology. 
 
 
Diese Arbeit befasst sich mit der Entfernung flüchtiger Methylsiloxane aus 
biogenen Gasen mittels dichter, gummiartiger Membranen. Zum Inhalt:  
a) Ausführliche Zusammenstellung sowohl heute bereits angewandter als 
auch aktuell erforschter Verfahren zur Siloxanentfernung, 
b) Untersuchung einer verlässlichen Probenahme und Siloxananalytik, 
c) Screening verschiedener gummiartiger Polymere, um deren Eignung als 
siloxan-selektives Membranmaterial abzuschätzen, 
d) Bestimmung der Siloxantrennleistung einer Silikonmembran, sowohl unter 
Verwendung synthetischen Biogases unter Laborbedingungen, als auch in 
größerer Ausführung mit realem Deponiegas,  
e)  Auslegung einer geeigneten Membranstruktur, d.h. theoretische 
Überlegungen bezüglich der Dicke der aktiven Trennschicht und der 
porösen Stützschicht, 
f) Vergleich zwischen dem Stand der Technik (Aktivkohleadsorption) und 
membranbasierten Verfahren. 
Geeignete Polymere für die Siloxanentfernung existieren, jedoch sind diese heute 
nicht kommerziell als Membranmaterial erhältlich. Pebax®2533 ist besonders 
hervorzuheben. Die Nutzung einer aus diesem Material angefertigte Membran 
hat das Potenzial, zum neuen Stand der Technik zu werden. 
Für meine treuen Eltern. 
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1. Introduction 
 
"Siloxanes? You mean silicone! Indeed, "silicone" is more familiar to us and 
brings concrete pictures to our minds: perhaps sealing materials, lubricants or 
breast implants?  
The term “silicone” was created by the British-American chemist Frederick S. 
Kipping (*1863, †1949) who emphasised the similarity between ketones R2CO 
and "silicon ketones" R2SiO (Römpp, 1999). Silicones are more correctly referred 
to as poly(organo)siloxanes, although the term “siloxanes” does probably not 
belong to our day-to-day language. It can be derived from the chemical structure 
of these molecules: repeating silicon (sil-) oxygen (-ox-) bonds, commonly 
saturated with alkyl groups, i.e. alkanes (-anes) missing one hydrogen atom. 
Methyl groups (-CH3) are the most common. Siloxanes have numerous useful 
physical and chemical properties such as relatively low toxicity (as currently 
known), high compressibility, low flammability, low surface tension, water 
repelling properties and high thermal stability, opening a wide field of 
applications. Siloxanes are very young molecules, completely man-made and 
stunningly thriving since the mid 1940s. They have gained unparalleled 
importance not only in industry but are more and more present in products of 
everyday life: food, clothing, personal care, building materials, cars. (Reller et al., 
2000) 
Poly(organo)siloxanes can be relatively big molecules with molar masses above 
100,000 g mol-1. One of the smallest siloxanes is hexamethyldisiloxane (M=162 g 
mol-1) consisting of one oxygen atom connected to two silicon atoms, each 
saturated with three methyl groups. The range of applications differs strongly 
depending on the molar mass of the siloxanes: cross-linked silicone rubbers for 
sealing, coating, damping or insulation purposes, silicone oils or fats as lubricants, 
anti-foaming, electric insulation or form releasing agents and, finally, short-
chained volatile methylsiloxanes, abbreviated VMS, Figure 1-1, Table 1-1. Until 
recently, just as their long-chained brothers, VMS were generally considered fairly 
chemically inert and consequently relatively harmless for humans and the 
environment, but with regard to specific siloxanes, numerous studies over the last 
years have given cause for serious doubt. Recent tests suggest that some siloxanes 
are possibly irritant to skin, pose a risk of impaired fertility or are carcinogenic. In 
contrast to the risks associated to human health, the dangers some siloxanes pose 
to the environment, due to their persistence and bioaccumulation are widely 
accepted. In May 2008, Environment Canada classified cyclic VMS D4 and D5 to 
be persistent, possibly harming aquatic organisms (Gazette, 2008). In any case, 
siloxane production is on the rise and considerable quantities of siloxanes 
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produced today will find their uncontrolled way into the biosphere, where 
degradation can take very long.  
 
 
Figure 1-1: Volatile methylsiloxanes: cyclic (n=1: D3, n=2: D4, n=3: D5, etc.) and linear (n=0: L2, 
n=1: L3, n=2: L4, etc.) 
 
Table 1-1: Selected volatile methylsiloxanes, physical properties 
Compound  Formula Molar  
Mass  
Liquid 
Density 
at 20°C  
Vapour 
pressure 
at 20°C 
Water 
solubility at 
25°C  
   (g/mol) (g/L) a (Pa)a (mg/L) 
Hexamethyldisiloxane L2 C6H18OSi2 162 753 4456 0.93c 
Octamethyltrisiloxane L3 C8H24O2Si3 236 817 397 0.034e 
Decamethyltetrasiloxane L4 C10H30O3Si4 310 853 45.3 0.00674e 
Hexamethylcyclotrisiloxane D3 C6H18O3Si3 222 950 916b 1.56d 
Octamethylcyclotetrasiloxane D4 C8H24O4Si4 297 953 88.1 0.056d 
0.005c 
Decamethylcyclopentasiloxane D5 C10H30O5Si5 371 958 20.8 0.017c,d 
a(Daubert & Danner, 1989), except for vapour pressure of hexamethylcyclotrisiloxane 
b(Aspen, 2004) 
c(NLM, 2009) 
d(Mazzoni et al., 1997) as stated in (Schweigkofler & Niessner, 1999) 
e(Arnold & Kajolinna, 2010) 
 
One unexpected pathway of siloxanes into the environment is the theme of this 
dissertation: volatile methylsiloxanes in landfill and digester gas. Both biogases 
contain large amounts of the greenhouse gas methane. When oxidised to carbon 
dioxide and water, the global warming potential (GWP) of the gas is reduced: the 
100-year GWP of methane is 25 times the GWP of carbon dioxide (Forster et al., 
2007). The reaction enthalpy of biogas combustion is increasingly used to 
substitute fossil resources and reduce heat and electricity costs of sewage 
treatment plants and landfill facilities. Of course, biogas is also publically 
subsidised in most industrialised countries.  
It was perhaps not predictable that silicone wastes on landfills would degrade and 
emit gaseous VMS. The same holds for sewage treatment plants: probably no one 
expected that siloxanes in shampoos, paints, soaps, deodorants, make-up or 
creams would make their way from wastewater into digester gas. And even if so, 
typical silicon concentrations in biogas are only around 1 ppmvol: how could that 
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be a problem? Hitherto praised for their versatile scope of applications and their 
negligible impact on humans and the environment, siloxanes finally did indeed 
become a problem, not for some aquatic organism, but for human commercial 
activity (and, fair enough, efforts to produce electricity from regenerative 
sources). This was unprecedented: probably none of the previously encountered 
trace gas components in biogas, notably hydrogen sulphide, mercaptans or, 
halogenated hydrocarbons posed such a threat to the physical integrity of the gas 
engine and the profitability of biogas use like siloxanes. 
Siloxanes are therefore rightly considered to be the most “undesirable” 
(Ohannessian et al., 2008; VDI, 2008) and “adverse” (Ohannessian et al., 2008; 
VDI, 2008) components of biogas. The damages caused by siloxanes are easily 
visible: white-greyish deposits, partly over several millimetres thick, Figure 1-2. 
The engine oil, naturally meant to lubricate contact points between moving and 
non-moving engine parts, gradually becomes enriched with particulate during 
operation, abrading the engine from within. During combustion, volatile 
siloxanes are converted into solid silicon dioxide, leading to the build-up of layers 
that inhibit heat conduction or lubrication. The deposits may cause changes in 
geometry to the combustion chamber, inducing higher emissions of carbon 
monoxide and formaldehyde, so air emissions regulations are possibly violated. 
Furthermore, parts of the deposited layers can break off and clog lines. Other 
undesired effects include the poisoning of catalysts as employed in steam 
reforming (Finocchio et al., 2009) or fuel cells (Haga et al., 2008). Also prone to 
deactivation by siloxanes are catalysts for both pre-combustion (Urban et al., 
2009) and post-combustion gas purification, e.g. to reduce formaldehyde 
concentrations in engine emissions.  
 
Figure 1-2: Silicon deposits on a valve (left, own photograph), on a piston and cylinder head 
(S.T.E.P., 2011) 
 
All these negative effects can lead to rising operating costs. If left unattended, the 
SiO2-residues can even lead to complete engine failure. Plant operators are 
therefore facing the choice between installing gas purification equipment or 
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controlling the problem with more maintenance. Indeed, if concentrations are 
small, siloxanes must not necessarily be removed from the biogas, as the 
investment and operating costs of the installed gas purification system may 
exceed the costs the siloxanes cause (Doczyck, 2003), notably due to more 
frequent oil changes, engine inspections, downtime and associated loss of 
financial reimbursement. Depending on subsidy policies for biomethane, siloxane 
removal might be profitable in one country, but not in another. In addition, 
quasi-complete siloxane removal is probably not the most cost-efficient measure. 
Moderate removal or the treatment of only a part of the biogas and mixing it 
with the untreated part could be a justified approach to reducing siloxane 
concentrations to levels, where they induce minimal costs. Nevertheless, engine 
warrantees are linked to silicon levels and were made significantly more stringent 
between 2002 and 2008 (McBean, 2008). A common limit value is 5 mg of silicon 
per normal (TN=273 K and pN=100 kPa) cubic metre of methane. In an idealised 
biogas containing 50 vol% methane, this would correspond to 2.5 mgSi Nm
-3, i.e. 
roughly 1 ppmvol L2 or 0.4 ppmvol D5. Concentration ranges of the linear 
hexamethyldisiloxane (L2), octamethyltrisiloxane (L3), decamethyltetrasiloxane 
(L4), and cyclic hexamethylcyclotrisiloxane (D3), octamethylcyclotetrasiloxane 
(D4) and decamethylcyclopentasiloxane (D5) in biogas as reported by several 
authors are given in Figure 1-3.  
The predominant species in landfill gas is D4, in digester gas D5. L2 is present in 
greater amounts only in landfill gas. Mean total silicon concentrations are around 
5 mgSi Nm
-3 and some sources clearly exceed the manufacturers’ limits and 
require siloxane removal. 
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Figure 1-3: Volatile methylsiloxane concentrations in landfill gas (Häusler & Schreier, 2009; 
McBean, 2008; Schweigkofler & Niessner, 1999) and digester gas (Geschwind & Dichtl, 2001; 
Häusler & Schreier, 2009; Schweigkofler & Niessner, 1999) 
 
Growing importance is attributed to siloxane removal, as can be seen by the 
increase in related publications and patents filed in the last years. A search for 
scientific publications related to the keywords “siloxane AND (biogas OR landfill 
OR sewage OR digester)” on the ISI Web of Knowledge, performed on June 04, 
2011, revealed only 60 records. Less than half of the publications (29) has been 
written between 1998 and 2008. The other records (31) represent recent work 
since 2009. It has apparently taken rather long until enough scientific attention 
was attributed to the siloxane problem. The issue first evolved in the late 1990s 
when older diesel engines were replaced with more efficient and less air-polluting 
Otto machines operated as lean-burn engines. These were, however, also more 
prone to silicon-related damage (Appels et al., 2008a; Martin et al., 1996). The 
extent and severity of the problem probably became more visible as the use of 
biogas increased due to public subsidies. Biogas subsidies have since then spread 
to most countries of the European Union and elsewhere. As a consequence, 
European biogas electricity has reached about 17300 GWh in 2006 with 
Germany producing approximately 7300 GWh (Schaller, 2008). Moreover, the 
production of silicon has risen and so have the siloxane concentrations in sewage 
and landfill gas (Dewil et al., 2006). The annual worldwide production of 
siloxanes was estimated at over one million tons (Hagmann et al., 1999). Over 
250,000 tons per year are produced in Germany alone (Häusler & Schreier, 2009). 
Demand for siloxanes has risen steadily and an annual growth in production of 
3% to 5% was estimated in 2003 (Tower, 2003). These tendencies will likely 
intensify the need for effective siloxane removal technology, especially as more 
and more biogas is recovered to produce electricity. 
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A survey -inspired by other prior investigations (Geschwind & Dichtl, 2001)- was 
conducted in October 2008, questioning the operators of more than 40 sewage 
treatment plants in North-Rhine Westphalia, Germany. The facilities treat 
wastewater amounting to a total of about 6,550,000 population equivalents. The 
digester gas is combusted in gas engines. The survey revealed that about one 
third of the sites operated with gas purification technology. Of these sites, 70% 
used activated carbon without on-site regeneration to remove siloxanes. Forty 
percent of the operators registered an increase of problems related to siloxanes 
since 2003. Fifteen percent of the operators stated that maintenance frequencies 
were increased in the last five years explicitly due to siloxanes, 25% keep 
maintenance intervals even shorter than suggested by the engine producers. 
Digester gas of a thermal equivalent of 1021 GWhth was used for electricity 
production in Germany in 2008. This represents a sharp increase of about 39% 
compared to 2001 (StaBu, 2008).  
A number of authors have studied methods to remove VMS. The most common 
is adsorption on porous media, predominantly activated carbon. However, this 
process suffers from non-selective adsorption and the adsorption capacity of 
regenerated activated carbon has been shown to decrease strongly (Finocchio et 
al., 2009). Although there are commercially available adsorbent-based systems 
that claim to regenerate the media, in practice, exhausted activated carbon is not 
usually regenerated, but replaced. Frequent media replacement represents the 
major part of the operating costs of such a siloxane removal process (Rossol et 
al., 2003a).  
In view of this drawback, selective, continuous siloxane removal with dense 
membranes presents an interesting option. The use of membranes in 
combination with siloxane removal is a new topic. Apart from a recently 
described membrane contactor absorption process for biogas purification using 
water (Poloncarzova et al., 2011), no detailed investigations involving membranes 
for siloxane removal have been found in the literature. The objective of this work 
is therefore to investigate a membrane-based siloxane removal process, applicable 
to biogas. This dissertation is divided into nine chapters: 
 
• Chapter 2 gives the reader a thorough overview of possible technologies to 
remove siloxanes from biogas and was published in M. Ajhar et al.: Siloxane 
removal from landfill and digester gas – A technology overview. Bioresource Technology, 
Volume 101, Issue 9, May 2010, 2913-2923.  
(http://www.sciencedirect.com/science/journal/09608524) 
• Chapter 3 contains the fundamental principles of gas permeation, i.e. gas 
separation using membrane technology. Readers new to the subject are 
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very briefly introduced to important membrane-related terms such as 3-
end and 4-end operation, stage-cut, permeability and selectivity. 
• The focus of chapter 4 lies on the development of a sampling and 
analytical routine for the quantification of VMS in concentrations typical 
of landfill and digester gas. The routine involves standard-use Tedlar® gas 
sampling bags and gas chromatography – mass spectrometry (GC-MS) 
analytics, capable of reproducibly determining siloxanes in the ppb-range. 
The procedure has been published in M. Ajhar et al.: Suitability of Tedlar® 
gas sampling bags for siloxane quantification in landfill gas. Talanta, Volume 82 
(2010), 92–98. (http://www.sciencedirect.com/science/journal/00399140) 
• In chapter 5, suitable membrane materials for siloxane removal are 
identified: a selection of commercially available elastomers is screened for 
hexamethyldisiloxane (L2) and decamethylcyclopentasiloxane (D5) 
permeability. The most permeable materials undergo further tests with 
other VMS and permanent gases including methane in order to evaluate 
their applicability to siloxane removal from biogas. 
• In chapter 6, a lab-scale polydimethylsiloxane (PDMS)-membrane module 
is used to deplete siloxanes from a synthetic biogas mixture spiked with 
VMS. The siloxane separation performance of the module is determined in 
4-end (using sweep gas) and 3-end vacuum operation (vacuum pump on 
the backside of the membrane). A research article comprising the results 
has been submitted to Separation and Purification Technology: 
(http://www.sciencedirect.com/science/journal/13835866) 
• As a proof of principle, in chapter 7, a larger PDMS-membrane module of 
the same design is operated with real landfill gas and its siloxane, hydrogen 
sulphide, benzene, toluene, ethylbenzene and xylene depletion is 
measured.  
• The requirements a membrane structure and process should fulfil in order 
to remove siloxanes effectively are theoretically investigated in chapter 8. 
This implies the avoidance of permeability and selectivity-reducing effects. 
The most promising membrane-based process schemes are discussed and 
compared to a state-of-the-art landfill gas purification process, which was 
installed on the landfill “Vereinigte Ville” in Erftstadt-Liblar, Germany in 
2010. 
 
The last chapter summarises the main findings and gives an outlook on 
membrane-based siloxane removal from biogas. 
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2. VMS removal from biogas – A review 
 
More than 20 years after identifying silicon dioxide in gas engines running on landfill and 
digester gas, three technologies are commercially available to remove siloxanes today: adsorption, 
absorption and deep chilling. Newer concepts based on technologies other than sorption or 
condensation have not yet gained access to commercial biogas purification. These emerging 
siloxane removal concepts include biotrickling filters, catalysts and in the case of digester gas, 
sludge stripping, peroxidation and filtration at point inlet source. This chapter introduces the 
main principles of commercial siloxane removal systems and reviews scientific progress in the field 
over the last decade.  
Commercial siloxane removal technologies 
A selection of companies offering siloxane removal technologies on the Internet 
is listed in Table 2-1. Non-regenerative adsorption on fixed beds of activated 
carbon or graphite is the most common concept. When the first bed experiences 
breakthrough, it is replaced by a fresh adsorber and the sequence is reversed, i.e. 
the former second adsorber becomes the first adsorber. This concept is referred 
to as lag and lead. At most landfills, the biogas stream is pre-cooled to around 
5°C to partly remove water vapour and volatile organic compounds (VOCs) with 
the condensate. The passively re-heated biogas can be purified to siloxane 
concentrations below 1 mg m-3. The exhausted adsorbent has to be replaced in 
regular intervals.  
Also on the market are fixed-bed adsorber/desorber systems working according 
to the principle of temperature swing adsorption. Biogas is conducted through 
one adsorber (e.g. activated carbon, alumina or silica gel) for purification. At the 
same time, the contaminants are desorbed from the exhausted media of the 
second adsorber in parallel and vented to the atmosphere or flared. Hot air, 
nitrogen and/or a fraction of the purified biogas can be used for regeneration. 
Siloxane removal can also be achieved by the use of a fluidised adsorption bed. A 
part of the adsorbent is continuously transported to a desorber, where 
contaminants are stripped from the media by a hot gas stream mixed with a 
biogas slipstream, which is flared. The regenerated adsorbent is allowed to cool 
before it is transported back into the fluidised bed. In comparison to temperature 
swing adsorption systems characterised by periodical desorption, the media is 
regenerated continuously. VOCs are therefore believed to be removed well 
before breakthrough. The system is followed by non-regenerable but longer-
lasting fixed-bed adsorbers for polishing. 
In commercial deep chillers, contaminants are removed at temperatures typically 
below -25°C. Many contaminants including volatile methylsiloxanes do not 
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liquefy at these temperatures, however, some dissolve in the condensate. Due to 
the quantitative removal of water, the evaporator of the refrigerant cycle is prone 
to experience icing during operation. It is therefore periodically defrosted by the 
hot biogas or the hot refrigerant.  
 
Table 2-1: Commercial siloxane removal technologies 
Technology  Company Trade Name Features Comments 
Adsorption 
– fixed bed 
Siloxa 
Engineering 
FAKA Chiller and two 
adsorbers in series 
Adsorbent not 
regenerable 
 Applied Filter 
Technology 
(AFT) – Verdesis 
SAG™ 
(Selective 
Active 
Gradient) 
Customised 
activated carbon and 
graphite blends 
More siloxane-selective 
than most adsorbents 
 PpTek BGAK (Biogas 
Auto Kleen-
system) 
Regenerable 
adsorbent (active 
soil). Two parallel 
vessels 
Contaminants directly 
released to atmosphere 
 Parker Hannifin GES (Green 
Energy 
Solutions) 
Regenerable 
adsorbent. Two 
parallel vessels 
Contaminants are flared 
upon regeneration 
 Jenbacher 
(General 
Electric) 
TSA 
(Temperature 
Swing 
Adsorber) 
Regenerable 
activated carbon. 
Two parallel vessels 
- 
 Herbst 
Umwelttechnik 
- Adsorbent: iron 
hydroxide  
- 
Adsorption 
– fluidised 
bed 
Applied Filter 
Technology 
(AFT) – Verdesis 
SWOP™  Continuous 
adsorption 
regeneration in 
fluidised bed 
followed by two 
SAG™ vessels 
Suited for high VOC 
concentrations 
Absorption Herbst 
Umwelttechnik 
HELASPORP Continuous process Siloxanes are removed by 
desorption and 
condensation/flaring 
 Köhler & Ziegler - Absorption in cold 
water 
Low siloxane removal, 
thus followed by 
adsorption on activated 
carbon 
Gas 
chilling 
Pioneer Air 
Systems – Gas 
treatment 
Services (GTS) 
TCR (Total 
Contaminant 
Removal) 
Siloxane 
condensation at 
-25°C  
- 
 Herbst 
Umwelttechnik 
- Used for larger 
siloxanes 
Combined with a 
downstream adsorber  
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Patents 
Most of the patents (Table 2-2) found in the field of siloxane removal from 
biogases do not reflect state-of-the-art-technology and the concepts are not 
commercially available. The patents can be categorised along two major lines: 1) 
new non-sorption based technologies and 2) improvements or modifications of 
established methods such as adsorption or chilling. The basic principle of most 
classic processes is adsorption on some kind of porous media (e.g. activated 
carbon, silica gel, etc). The reported process improvements imply either the 
reduction of humidity content, higher siloxane uptake or more effective 
regeneration of the adsorption media. Examples of non-sorption based methods 
include biofilters, microwaves or catalysts. The oldest patent is from 1999, 
however, most have been filed only recently reflecting the increasing importance 
of the siloxane problem. 
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Adsorption 
The most widely used method to reduce VMS concentrations is adsorption on 
activated carbon. Depending on the activated carbon, silicon removal to 
concentrations below 0.1 mgSi m
-3 in non-continuous operation has been 
reported (Rossol et al., 2003b). Several authors have shown that the use of 
different activated carbons (e.g. of varying source, BET surface, impregnation 
and microporous volume) strongly affects the siloxane adsorption capacity 
(Boulinguiez & Le Cloirec, 2009; Doczyck, 2003; Finocchio et al., 2009; Matsui & 
Imamura, 2009). Since biogases contain a broad range of different compound 
classes with concentrations covering several orders of magnitude, competitive 
adsorption of contaminants occurs. The presence of relatively non-volatile, 
sulphur-containing or halogenated compounds, for example, can greatly reduce 
the adsorption capacity towards siloxanes (Urban et al., 2009). Other factors 
influencing the silicon removal capacity of activated carbon are the relative 
concentrations of the siloxane species to one another (e.g. L2 breaks through 
sooner than D5), temperature and relative humidity (Wheless, 2004). For 
example, the loading capacity of activated carbon for toluene vapour was shown 
to drop as a function of the relative humidity of the carrier gas. The drop was 
noticeable at relative humidities above 30% (Doczyck, 2003). This is the reason, 
why adsorption on activated carbon is usually combined with a pre-drying step. 
Strategies to extend the life of activated carbon also include the more selective 
removal of contaminants or the reduction of total contaminant load upstream of 
the actual siloxane adsorption step. Water scrubbers are common to remove 
hydrophilic contaminants, confer the following section Absorption. Also, the use 
of impregnated activated carbon has been discussed to selectively adsorb 
hydrogen sulphide in a first adsorber. Non-impregnated carbon in a second 
adsorber in series could then possibly remove siloxane contaminants more 
effectively (Wheless, 2004). In this context, a potentially more cost-efficient 
alternative to impregnated activated carbon could be the use of biotrickling filters 
to remove hydrogen sulphide in a pre-treatment step, e.g. (Gabriel & Deshusses, 
2004). However, no practical experience validating the sense of hydrogen 
sulphide removal prior to siloxane adsorption was found in the literature.  
In combination with a pre-drying step, either by cooling (to 5°C) and re-heating 
(to 15°C) or by heating (to 50°C), adsorption on activated carbon was found to 
remove siloxanes almost completely and proved to be more economical than 
deep chilling. This was determined for a digester gas with flow rates of 750 m3 h-1 
and 20 mg Nm-3 total siloxane content (Rossol et al., 2003b). If as in most cases, 
the adsorbent is not regenerated, the expenses for new activated carbon are the 
predominant part of the operating costs (Rossol et al., 2003b; Wheless, 2004). 
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Sites with unusually high contaminant loads such as Trecatti (UK) sewage 
treatment plant (up to 400 mg m-3 siloxanes), require a weekly change of the 
activated carbon (flow rates were not stated). The downtime and the new 
adsorbents cause costs of €2000 per change (Dewil et al., 2006). In general, 
however, siloxane removal from digester gas by means of adsorption is regarded 
as a viable, universal solution (Doczyck, 2003). This does not hold for landfill gas 
as VOC and hydrogen sulphide concentrations are significantly higher, leading to 
a far more rapid exhaustion of the adsorbent, and in consequence, to non-
profitable gas purification (Schneider, 2001).  
Table 2-3 summarises investigations about siloxane adsorption on mainly 
inorganic media such as activated carbon, molecular sieves, and silica gel. Test 
compounds used on lab scale were usually D4 and D5. Only two studies 
involving hexamethyldisiloxane (L2) adsorption were found (Ortega & Subrenat, 
2009; Schweigkofler & Niessner, 2001). This is astounding, because L2 is a 
common siloxane in landfill gas (VDI, 2006) and despite of its only two silicon 
atoms it can therefore still contribute significantly to engine damage. Increased 
L2 concentrations can also be an indicator for silicon breakthrough. When the 
activated carbon becomes saturated, previously adsorbed, more volatile 
compounds such as L2 are replaced by less volatile contaminants (Häusler & 
Schreier, 2009). This so-called chromatography effect was also described by other 
authors (Matsui & Imamura, 2009; Wheless, 2004), where at siloxane 
breakthrough, the concentration of D4, respectively L2 in the outlet gas rose 
higher than measured at the inlet. In this case, all previously adsorbed siloxanes 
are ultimately replaced by less volatile contaminants such as aromatics and the 
adsorption process with respect to siloxane removal was useless. It was found 
that silica gel adsorbed L2 just as well as D5 or better (Schweigkofler & Niessner, 
2001). Moreover, the regeneration of the media was almost complete, 
representing another significant advantage compared to activated carbon. In a 
pilot plant, digester gas was pressurised and dried over a bed of silica gel; the 
regeneration of the media was judged successful. Silica gel was also tested by 
other authors (Wheless, 2004) and a 50% increase in siloxane loading capacity 
was observed in comparison to activated carbon. Among the other media tested, 
another potent adsorbent appears to be alumina. It showed a D4 adsorption 
capacity of 1.3 wt% in digester gas and could be regenerated to 90% of its initial 
potency (Lee et al., 2001), making it possibly better than activated carbon. In a 
recent study, (Finocchio et al., 2009), activated carbon was analysed after 
exposure to a CO2/CH4-mixture saturated with D3 and water vapour. The 
analysis of the exhausted activated carbon showed that D3 had partially 
polymerised to PDMS. Furthermore, activated carbon operated with real landfill 
gas showed an accumulation of silica, another possible explanation for reduced 
2.  VMS removal from biogas – A review  | 15 
regeneration capability. Whether polymerisation is also visible at biogas-typical 
lower siloxane concentrations was not investigated. Another recent work, 
(Boulinguiez & Le Cloirec, 2009), implied determining the adsorption isotherm at 
25°C of two types of activated carbon and D4. The results show that D4 uptake 
of an investigated activated carbon fibre cloth becomes gas concentration 
dependent at values as low as roughly 50 mg m-3. The authors called the observed 
isotherm “Langmuir-Freundlich”, as it can be described with a mixed model 
approach using both the Langmuir constant and the Freundlich exponent. Non-
linear isotherms were also found for L2 and other adsorbents (Ortega & 
Subrenat, 2009). In order to avoid misjudging the adsorption capacity of a 
studied medium, it is therefore advisable to characterise the siloxane uptake of an 
adsorbent at concentrations as present in real biogases.  
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Absorption 
Absorption (Table 2-4) is the second major unit operation, which has been 
applied to siloxane removal. Physical and chemical absorption can be 
distinguished. In the latter, theoretically, the siloxanes are destroyed by strong 
bases or acids at respectively high or low pH-values (Huppmann et al., 1996; 
Schweigkofler & Niessner, 2001). However, the potential application of these 
chemical absorption agents is associated with safety and corrosion concerns and 
therefore likely induces higher costs (Urban et al., 2009). Moreover, only acidic 
liquids can be used, as bases have proven to react to form carbonates which 
precipitate. Among the most effective acidic solutions are nitric acid (>65%) and 
sulphuric acid (>48%), which remove L2 and D5 by over 95%. This is 
nonetheless only possible at temperatures above 60°C, elimination at 20°C is 
noticeably lower. (Schweigkofler & Niessner, 2001) 
The absorption in acids (pH= 1-4), bases (pH= 10-12) and landfill leachate was 
tested, (Schneider, 2001), employing solutions of sodium hydroxide and sulphuric 
acid with water. Siloxane concentrations were found to decrease by only roughly 
30%. No process temperature was specified. 
The second type of absorption is physical, including absorbents such as water, 
organic solvents or mineral oil. The absorption of volatile methylsiloxanes in 
water (pH=7) was not effective (Rasi et al., 2008; Schneider, 2001), nevertheless, 
water-soluble contaminants including trimethylsilanol could be removed. 
Absorption using water is therefore a common preconditioning step to enhance 
the effectiveness of subsequent adsorption. A very promising organic solvent for 
siloxane removal was found to be Selexol™ (dimethylethers of polyethelene 
glycol). It has been tested in a continuous pilot plant and siloxane removal of 
99% was reported, unfortunately, no operating pressure was specified (Wheless, 
2004). Absorption in other organic solvents was mainly tested in the context of 
siloxane analytics. This may, for example, imply bubbling a defined volume of 
biogas through two chilled impingers filled with solvent and its analysis via GC-
MS. Solvents were also used for the extraction of siloxanes from other liquids or 
solids and include methanol, hexane, tetradecane, acetone, diisopropylether, 
diethylether, cyclohexane, dodecane, hexadecane and iso-octane among others 
(Huppmann et al., 1996; Schweigkofler & Niessner, 2001; Urasaki & Wong, 
1999). Mineral oil was also tested (Albertsen, 1998; Martin et al., 1996), but 
removal efficiencies were only moderate. The operation of a test plant working 
with oil as absorbent led to unstable removal efficiencies and oil mist was carried 
over to the combustion chamber (Rossol et al., 2003b). As siloxanes such as L2 
are highly volatile, a disadvantage of physical absorption is possible siloxane 
desorption. It is known, that siloxane concentrations in landfill or digester gas 
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vary over time (McBean, 2008) which might lead to their desorption at times of 
low concentration or elevated gas flow rates. This problem does not arise if the 
siloxanes are absorbed chemically, i.e. they are converted to compounds of low 
volatility (Schweigkofler & Niessner, 2001). 
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Deep chilling 
Mere cooling to temperatures of around 5°C has proven unsuitable for 
quantitative VMS removal. Experiments show that the removal efficiency of D5 
in landfill gas (0.6 mgD5 m
-3) and digester gas (9.7 mgD5 m
-3) was 12 respectively 
18%, trimethylsilanol was reduced by 27% in both cases (Schweigkofler & 
Niessner, 2001). Whereas the removal efficiency achieved by deep chilling 
depends on the respective siloxane concentrations in the raw gas, the maximum 
siloxane concentration at a certain temperature in an ideal gas mixture can be 
calculated according to its saturated partial pressure psat(T). Figure 2-1, graph A, 
shows the theoretically attainable siloxane concentrations at temperatures 
between 0 and -70°C at a total pressure of 1 barabs. The more volatile the 
siloxane, the more difficult it is to condense; L2, D3 and L3 can practically not be 
reduced to concentrations lower than present in biogases. With regard to D5, L4 
and D4, temperatures between -55 and -70°C are necessary to reduce 
concentrations to acceptable levels below 1 mg Nm-3. In order to reach higher 
removal efficiencies, condensation could theoretically be performed at higher 
pressures. Generally, attainable siloxane concentrations decrease by the same 
factor the operating pressure is increased.  
A typical landfill gas (VDI, 2006) is considered, in which the sum of all siloxane 
masses is partitioned as follows: 61% D4, 16% D5, 16% L2, 4.4% D3, 2.2% L3 
and 0.4% L4. This corresponds to a molar distribution of 54% D4, 12% D5, 
26% L2, 5.2% D3, 2.5% L3 and 0.3% L4. With these siloxanes considered as the 
only silicon source in the gas, Figure 2-1, graph B, shows the ideal total silicon 
removal efficiency at different condensation temperatures and varying total 
silicon concentrations in the raw gas. It is clear that the lower the silicon load of 
the raw gas, the more difficult it is to remove siloxanes. A landfill gas with silicon 
concentrations of 50 mgSi Nm
-3 must be chilled to -40°C to reach a removal 
efficiency of roughly 50%, -50°C would remove roughly 70%. Still lower 
temperatures would not lead to any more significant purification, as the 
remaining siloxanes, in particular L2, D3 and L3 do not condense noticeably. 
Only at unusually high silicon loads and deep temperatures does L2 condensation 
begin, explaining the kink in the -70°C-isotherm. 
In practice, however, higher siloxane removal efficiencies of deep chilling 
systems were reported. At -30°C, a silicon removal efficiency of 50% was 
achieved in an experimental setup and in practical trials involving landfill gas. 
Unfortunately, siloxane concentrations in the raw gas were not specified 
(Albertsen, 1998). Also working at -30°C, deep chillers were used to remove 
siloxanes from digester gas (1700 m3 h-1, 7 to 15 mgSi m
-3) and elimination rates 
of 80 to 90% were reported, (Rossol et al., 2003b). Another study shows that a 
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removal of 50% from digester gas was achieved (Wheless, 2004) at operating 
conditions of 4°C and at a pressure of 25 barg. Landfill gas was also tested, where 
siloxane removal was 32% at 4°C, respectively 95% at -29°C. Again, the siloxane 
concentrations in the raw gas were not specified. 
 
 
 
 
 
 
Figure 2-1: (A) Theoretically attainable siloxane concentrations of an ideal gas purified by deep 
chilling at 1 barabs. (B) Silicon-removal efficiency related to silicon concentrations in an ideal gas 
with siloxanes (61 wt% D4, 16 wt% D5, 16 wt% L2, 4.4 wt% D3, 2.2 wt% L3, and 0.4 wt% L4) as 
sole silicon source (saturated partial pressures were calculated with the commercial software 
AspenPlus (Aspen, 2004). 
 
As Figure 2-1, graph B, depicts, condensation alone can hardly be the cause for 
this elevated siloxane removal, some authors therefore assume that 
methylsiloxanes are additionally absorbed in the acidic condensate (Schweigkofler 
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& Niessner, 2001; Wheless, 2004). In addition, silanols are fairly well soluble in 
the condensate and can be removed more quantitatively than methylsiloxanes. 
Due to relatively high investment and operating costs, deep chilling is generally 
regarded as economically suitable only at high flow rates and elevated siloxane 
load (Rossol et al., 2003b; Urban et al., 2009). Of course, the process is also 
subject to icing. 
Biological removal 
Although siloxanes are reported to be relatively stable against chemical and 
biochemical degradation, some recent papers have investigated the possibility of 
removing siloxanes by biological means. The siloxane removal efficiency of an 
anaerobic and aerobic biotrickling filter was tested on lab scale, (Popat & 
Deshusses, 2008). D4 of roughly 45 mg m-3 in test gas (humid air respectively 
oxygen-free synthetic gas in the anaerobic experiment) was the sole carbon and 
energy source. D4-removal in the aerobic biotrickling filter increased linearly with 
empty bed residence time (EBRT), reaching 43% at an EBRT of 19.5 minutes. 
Removal then became non-linear with time. The anaerobic biotrickling filter 
removed 15% of D4 at a residence time of 4 minutes, but no other EBRTs were 
tested. The high residence times, inducing large equipment in practice, were 
explained by poor biodegradability of D4 and limited D4 mass transfer from the 
gas phase into the biofilm. The latter assumption was supported by relatively 
slow absorption kinetics of D4 into aqueous liquids, determined using flasks. 
Moreover, severe mass transfer limitations of D4 between the gas phase and the 
mineral medium and cell suspensions used in the biofilter were observed by 
variation of the EBRTs. The authors concluded that the availability of D4 to the 
microorganisms was thus limited by low mass transfer, estimated between 30 and 
100 mg (m3 h)-1. However, the subsequent use of a second organic phase to 
enhance D4 availability to the microorganisms did not result in higher D4 
removal. This sparked speculations that the D4 degeneration performance of the 
microorganisms is poor and that they needed longer to adapt to the use of D4 as 
primary energy and carbon source.  
Another study, (Accettola et al., 2008), has focused on the degradation of D4 and 
D3 by bacteria present in activated sludge from a municipal waste water plant 
and from a silicon producing company. Experiments were performed with D4 in 
batch cultures and D3 in a biotrickling filter. The batch trials were performed 
over a period of more than 90 days, after which dimethylsilanediol was identified 
as a degradation product of D4 via hydrolysis. The dominating genus was 
Pseudomonas. In following experiments involving a biotrickling filter, the bacteria 
showed a removal efficiency of 10-20% of D3 from air at an EBRT of 3.6 
minutes. D3-feed concentrations were between 46 and 77 mg m-3. 
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Catalytic processes 
A catalytic purification process has been suggested in combination with biogas 
use in molten carbonate fuel cells (MCFC). These fuel cells produce waste heat at 
480°C which can be used to preheat the biogas. A proposed process concept, 
(Urban et al., 2009), consists of two catalysts: one is V2O5-TiO2-based and is 
designed to remove a broad spectrum of harmful organic minor compounds at 
temperatures between 250 and 400°C. This catalyst would quickly be deactivated 
by the presence of siloxanes, and is therefore protected by a second catalyst made 
of alumina placed upstream in series. Operating at 300°C, the relatively non-
expensive alumina was shown to eliminate siloxanes to SiO2 and convert H2S. 
With time, it therefore deactivates and must be replaced periodically. The authors 
conducted field tests with L2 and D4-enriched landfill gas (200 and 100 ppmvol 
respectively, corresponding to roughly 1400 and 1300 mg Nm-3) and determined 
the effluent concentrations of the siloxanes after the catalyst. Breakthrough 
(Ci /C0=10%) occurred at a loading of roughly 6 wt% for D4 and 5 wt% L2 in a 
real landfill gas matrix. Nevertheless, uptake was found to be higher in this 
siloxane enriched gas than in landfill gas with typical siloxane concentrations.  
Alumina was also shown to be a promising material for siloxane removal in 
another study (Finocchio et al., 2008). The decomposition of D3 was tested at 
temperatures between 200 and 400°C on the basic and acidic oxides CaO, MgO, 
alumina (Al2O3) and silica (SiO2). CaO and MgO showed insignificant removal of 
D3 and surface carbonation occurred due to the CO2 in the test gas matrix. Silica 
did also not show good siloxane adsorption at higher temperatures, although 
known for good adsorption capacity at ambient conditions (Schweigkofler & 
Niessner, 2001). The alumina, on the other hand, exposed to a dry mixture of 
CO2 and CH4 saturated with D3 at room temperature, showed an uptake of 24 
wt% at 250°C. The use of humidified gas caused a decline to 5 wt%, however at 
400°C, D3-uptake re-increased to 31 wt%. 
In-engine approach 
Another strategy to deal with siloxanes in biogas involves more maintenance 
(Deed et al., 2004; Göbel, 2001), particularly when siloxane concentrations are 
relatively low. Engines must not necessarily be operated with purified biogas; if 
more maintenance is performed, certain engine manufacturers are still willing to 
grant at least partial warrantees (Göbel, 2001). An incident-oriented maintenance 
scheme could include more frequent oil changes, endoscopic inspection of the 
combustion chamber, regular examination of valves, spark plugs and the turbo 
compressor. The need for maintenance may be given by objective indicators (e.g. 
oil analytics and gas measurements) or be triggered by subjective aspects such as 
noise and visible impressions. The choice of a suitable engine oil seems especially 
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important (Göbel, 2001). The silicon content of the oil is not regarded as a 
general indicator for wear, as it may largely include amorphous silicon dioxide 
(particle size < 1 µm), which is considered non-damaging to engine parts. It is the 
presence of crystalline silicon dioxide and high metal concentrations in the oil 
that apparently points to damages (Waerdt, 1995). 
Other methods 
As large amounts of siloxanes enter wastewater treatment plants by disperse 
sources like residential areas, in the great majority of cases, an end-of-the-pipe 
approach to remove siloxanes is inevitable if the biogas is to be utilised (Rossol et 
al., 2003b). However, where siloxanes are discharged in greater amounts, 
especially in industrial wastewaters, concentrations in the water phase can be so 
high that siloxanes can be removed prior to their volatilisation into biogas. One 
study focuses on the destruction of siloxanes by peroxidation (Appels et al., 
2008b). Three peroxidation agents were used, all achieved D4 and D5 elimination 
efficiencies between 40 and 50%. In the case of peroxidation by DMDO 
(dimethyldioxiranes), even 85% of D4 was eliminated. Elimination was explained 
as a consequence of 1) siloxanes desorbing from destroyed extracellular 
polymeric substances, escaping into the atmosphere 2) degradation into either 
smaller more volatile smaller siloxanes or 3) partial oxidation to silicones and 
silica. Smaller siloxanes volatise before digestion, and silicones and silica are not 
prone to enter the gas phase at all. Typical concentrations of the peroxidation 
agents used in the experiments were around 50 g kg-1of dry sludge. 
Another way to remove siloxanes from sludge before digestion can be stripping. 
This was investigated for volatile L2 on a lab-scale at different temperatures 
(37°C, mesophilic regime and 55°C, thermophilic regime), pH-values and dry 
sludge contents (Klingel et al., 2002). The results suggest that the pH-value has 
little effect on the stripping efficiency. An increase of temperature and water 
content in the sludge, however, led to faster outgassing of the L2. The authors 
concluded that stripping seems technically feasible to reduce the siloxane 
content, preferably in a process step between sludge heating and digestion. 
Whether stripping can be of practical importance will surely also depend on the 
ability to limit odour emissions and energy consumption. 
Finally, ultrafiltration has been reported to remove siloxanes from industrial 
waste water. The installation of an ultrafiltration plant to treat the waste water of 
a cosmetics producer led to significant lower siloxane concentrations at the local 
sewage plant (Rossol et al., 2003b). Ultrafiltration removes contaminants by their 
size, typical molecular weight cut-offs are in the range of 1000 to 100,000 g mol-1. 
As siloxanes are much smaller molecules, they were probably retained by 
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adsorption on the cake layer, typically formed on the membrane during operation 
or in oil droplets if an emulsion was filtered.  
Conclusions 
Volatile siloxanes are considered the most adverse components in biogas and 
may possibly need to be removed to ensure economical operation. Today, for the 
purification of sewage gas, adsorption on activated carbon with a pre-drying step 
seems to be accepted state-of-the art technology. In the purification of landfill 
gas, however, no one single technology seems universally suitable, although there 
is a clear focus on adsorption technologies. Activated carbon is the predominant 
adsorbent, its purification performance depends considerably on the complexity 
of the gas matrix (VOC load) and also on the type used. Other promising media 
are silica gel and alumina. As most adsorbents are unselective, siloxane removal 
must be seen in context with the removal of other contaminants, notably VOCs 
and H2S.  
Future trends will focus on regenerative and more siloxane-selective systems to 
reduce costs for media renewal. Although absorption is far less common than 
adsorption today, Selexol™ has shown good siloxane removal efficiency and may 
find more use in the future. Another technology with high potential are siloxane-
selective catalysts. Biotrickling filters have shown first encouraging results, but 
may need more effective microorganisms and resolve mass transfer limitations 
linked to the hydrophobicity of the siloxanes. 
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3. Membranes “from a siloxane-point of  view” 
 
The industrial use of membranes for gas separation started in the 1980s. 
Permea/Monsanto started to sell a membrane-based system to separate hydrogen 
from purge gases in refineries using coated polysulfone membranes. Further 
systems were developed and commercialised to separate carbon dioxide from 
natural gas using cellulose acetate membranes (Cynara, Separex, Grace 
Membrane Systems) or nitrogen from air (Generon, Praxair and DuPontMedal). 
According to numerous authors, membrane-based gas separation, also known as 
gas permeation, is spreading rapidly and will continue to strive in the years to 
come (Baker, 2002; Bernardo et al., 2009; Koros, 2004). Gas separation 
membrane technology has numerous advantages: 
 
• No phase changes or sorption agents 
• Simple in concept and operation 
• Modular and easy to scale up or down 
• Low energy consumption if pressurised feed flow is already present 
• Little maintenance (no moving parts) and plant supervision required 
 
In contrast to hydrogen recovery or nitrogen enrichment, the removal of VMS 
from biogas is definitely not an established membrane application. In literature, 
only two sources were found, describing siloxane depletion using dense 
polymeric material. Both are based on the principle of selective siloxane 
permeation by solution and diffusion through dense polymeric membrane 
material (Ajhar & Melin, 2006; Albertsen, 1998). Ideally, the product component 
methane is retained as much as possible and should not pass the membrane. 
Early trial tests presumably with a bundle of parallel, dense silicone tubes were 
performed by Albertsen from Haase Energietechnik GmbH (Albertsen, 1998). 
Unfortunately, details on the used materials and methods, such as flow patterns 
and modules, were not provided upon request. Nevertheless, the authors noted 
silicon removal efficiencies above 80%, but allegedly, due to relatively high 
investment costs and moderate operating costs, the concept was not pursued 
further.  
The costs of a membrane process are closely linked to the power needed for 
compressors, vacuum pumps or sweep gas ventilators to establish a sufficiently 
high partial pressure difference across the membrane, the driving force for 
permeation. The higher the siloxane-methane selectivity, the lower the methane 
losses over the membrane implying that the correct identification of a selective 
membrane and adapted operating conditions determine the costs of such a 
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process. It is therefore useful to become familiarised with membrane technology 
fundamentals. The following gives theoretical background information about gas 
permeation, which will prove helpful for a better understanding of the 
membrane-based siloxane removal processes, as discussed in chapters 6, 7 and 8. 
Membrane structure 
What is often generally referred to as a membrane, really consists of a porous 
substructure, supplying mechanical stability, gutter layers and the selective active 
layer. In gas permeation, the selective layer is very thin, in the range between 30 
nm and several micrometers depending on the polymer. The porous layer is a 
mechanical support, strong enough to allow pressurised operation. Ideally, it 
poses a negligible transport resistance to the permeating molecules and non-
selective, viscous flow is predominant in the pores. In so-called integral-
asymmetrical membrane structures, the porous support and the active layer are 
made from the same material. Here, it often is not possible to exactly determine 
where the dense active layer ends and the porous layer starts. In composite 
membrane structures, the porous support is made from a different material than 
the selective active layer, Figure 3-1. In this case, the active layer is usually applied 
to the support using a coating technique. The coating solution consists of the 
polymer dissolved in a solvent. If the porous support is difficult to coat, for 
example, because the coating solution penetrates the pores or it reacts with or 
dissolves the support, a so-called gutter layer can be used. It serves as a 
“sandwich” coating, on which the active layer can be more easily applied. The 
gutter layer is made of a highly permeable dense material, usually silicone, which 
only poses a small transport resistance and does not considerably change the 
selectivity of the active layer. Some active layer materials are directly applied on 
the porous support, however, there can still be a number of pin-hole defects 
which seriously reduce selectivity, due to their unselective viscous flow. To 
remedy this, a second coating of the same material can be applied, however, this 
usually reduces permeability too strongly. Alternatively, a silicone protective 
coating on the active layer will help plug these defects, neither reducing overall 
permeability nor selectivity too greatly.  
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Figure 3-1: Structure of a composite membrane (SEM photograph: porous polyacrylonitrile) 
3-end & 4-end operation 
In order to use the selective properties of membranes technically, membranes 
must be housed in a suitable device, the membrane module. Different types of 
modules are available for gas separation; the most common is the hollow fibre 
module. It consists of a large number of incompressible tubes, each typically 
below 1 mm in outer diameter. They are placed in parallel or in helix geometry 
and potted to a tubular housing as to hermetically separate both sides of the 
active layer. The gas mixture to separate is referred to as the feed stream (index 
“F”). It enters the membrane module and is partially split up into the retentate 
(the part of the stream not passing the membrane, index “R”) and the permeate 
stream (index “P”), permeating the membrane and leaving the module on its 
other side. As will be seen later (Equation 3-1), for permeation to occur, a partial 
pressure difference across the membrane (providing the “driving force”) is 
needed, Figure 3-2. In 3-end operation, this difference is provided by applying a 
certain feed-to-permeate pressure ratio φ=pF/pP. This is done by the use of a 
compressor on the feed side or a vacuum pump on the permeate side.  
In a 4-end process, the partial pressure needed for siloxane permeation is 
provided differently: a sweep stream (index “S”) is used to dilute the permeate 
and hereby keep the partial pressure of the permeating siloxanes low. Regardless 
of 3- or 4-end operation, different ideal flow patterns can be distinguished: co-
current, counter-current, or unhindered permeate flow. Generally, the best 
performance can be achieved using a counter current flow pattern, followed by 
unhindered permeate flow and co-current. In counter-current, the local partial 
pressure differences across the membrane do not notably decrease over the 
length of the membrane, making the average partial pressure difference over the 
membrane higher than with any other flow pattern. So-called cross flow is a 
mixture between co-and counter-current and shows intermediate separation 
results. Nevertheless, it is practically impossible to achieve ideal co- or counter-
Active layer
Porous support
Gutter layer
Defects Protective coating
2 µm
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current, due to bypass or dead zones in the module. Unhindered permeate flow, 
on the other hand is perhaps more easily realised. Unhindered permeate flow is 
associated with composite membranes, where the permeated flux through the 
active layer gathers in the pores of the support layer orthogonally and only 
intermixes outside of the membrane structure, leaving partial pressures right 
below the active layer unaffected.  
 
 
Figure 3-2: Providing driving force in membrane operation: (A) vacuum pump (B) sweep gas (C) 
compressed feed 
Dense membranes for VMS removal 
The vast majority of gas permeation applications implies the use of dense 
polymeric membrane materials. Gas transport through the membranes can be 
described by a solution-diffusion mechanism. Starting at the generalised form of 
Fick’s First Law of diffusion, assuming 1) ideal gases, 2) unhindered co-
permeation and 3) concentration independent solubility and diffusion coefficients 
of the permeating species in the membrane, the transport equation becomes 
linear: 
 
)ypxp(
δ
P
j iPiF
i
i −=  (mol s
-1 m-2) Equation 3-1 
 
The driving force for gas permeation over the membrane is actually a fugacity 
difference, in the case of ideal gases, however, it is identical to the partial pressure 
difference. By convention, x denotes the molar fraction in the feed and y is the 
molar fraction on the permeate side. 
The flux ji naturally decreases with increasing membrane thickness δ. It can be 
shown that permeability P is the product of diffusion coefficient and solubility 
coefficient. 
 
iii DSP ⋅=  (mol s-1 Pa-1 m-1) Equation 3-2 
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The SI-unit of permeability is rather impractical. A more readily understood unit 
is Nm3 h-1 m-2 bar-1 × m, i.e. the gas flux (in normal cubic metre per hour per 
square metre of membrane area) per partial pressure difference of the permeating 
molecule (bar) multiplied with the membrane thickness (for normalisation). A 
widely established unit is 1 Barrer, equivalent to approximately 2.7×10-9 Nm3 h-1 
m-2 bar-1 × m. In accordance with the three previously mentioned assumptions, 
the selectivity of a membrane under process conditions is equal to the so-called 
ideal selectivity, obtained by pure gas measurements: 
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The ideal selectivity is equal to the product of diffusivity selectivity Di/Dj and 
solubility selectivity Si/Sj. This makes clear that the selectivity of a membrane can 
be a result of strong differences in solubility or diffusivity of the respective gases 
in the membrane material.  
When gas mixtures permeate through a membrane, to some extent, the 
permeability of individual gases can be changed. The permeability then differs 
from the result obtained from pure component measurements. The ideal 
selectivity can therefore only be a first estimate, (albeit usually a good estimate in 
permanent gas applications) of how well the membrane separates the gas 
mixture. In case of siloxane permeation, this is definitely true, as pure VMS are 
not gaseous, but liquid or even solid at room temperature. Moreover, in its 
function as a solvent, a liquid siloxane will likely lead to at least some degree of 
membrane swelling, changing the permeability of the permeants. A more general 
definition of the selectivity of a membrane in operation is therefore linked to its 
actual separation performance, the separation factor σij: 
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The relationship between ideal selectivity and the separation factor of a binary 
gas mixture can be derived by expressing the permeate molar fractions by the 
molar fluxes through the membrane.  
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The combination of Equation 3-4 and Equation 3-5 yields: 
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Assuming that there is no noticeable depletion of either gases on the feed side, 
the definition of the molar flux, Equation 3-1, can be combined with Equation 
3-5: 
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The separation factor thus also depends on process pressures and the 
composition of the gas mixture. It is only equal to the ideal selectivity of the 
membrane material, if the downstream, permeate pressure is negligible. 
Another useful relationship can be formulated to calculate the local permeate 
purity y* of the faster permeating component of a binary mixture as a function of 
the applied pressure ratio and ideal selectivity of the membrane (Melin & 
Rautenbach, 2006): 
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The above formula can be derived by combining Equation 3-1 with Equation 
3-5, knowing that the molar fractions of the faster and the slower gas component 
add up to 100% on both the permeate and feed side. Depending on the applied 
pressure ratio, a membrane can be operated in two limiting regimes: selectivity-
controlled operation, Equation 3-9, and pressure ratio-controlled operation, 
Equation 3-10.  
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A process is selectivity-controlled if the attainable siloxane purity in the permeate 
is limited by the membrane's selectivity, i.e. an increase of the pressure ratio will 
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not lead to any more significant gains in purity. Inversely, “pressure ratio-
controlled” means that only a higher pressure ratio will lead to higher permeate 
purity, regardless of the selectivity of the membrane.  
Figure 3-3 illustrates Equation 3-8 and shows the separation performance of 
membranes with a wide range of theoretically possible siloxane-permanent gas 
ideal selectivities. The dashed line represents the operating points at which 90% 
of the maximum permeate purity can be reached. Due to diminishing gains in 
purity at higher pressure ratios, a given membrane should be operated left from 
this line: VMS separation right of the dashed line is selectivity-controlled. 
 
 
Figure 3-3: Siloxane molar fraction in the permeate as a function of pressure ratio and membrane 
selectivity 
Glassy and rubbery membranes 
Polymeric membrane materials can be of glassy or rubbery type. Above its 
intrinsic glass transition temperature Tg, the membrane material is elastic and 
rubbery. Is the material cooled below Tg, the membrane undergoes sudden 
structural changes, causing it to harden and become more brittle (like glass).  
Gas permeation properties differ strongly between glassy and rubbery 
membranes. Rubbery membranes are in general more permeable than glassy 
membranes, and interestingly, they are usually more permeable for larger 
molecules than for smaller molecules. In comparison to porous and most glassy 
membranes, these membranes are thus not size-sieving. In other words, 
siloxanes, as relatively large molecules, will permeate the membrane faster than 
the biogas product component methane, a very small molecule. This behaviour 
can be explained by the fact, that the solubility coefficients of siloxanes are much 
higher than the ones of permanent gases. The ideal selectivity of such a 
membrane is therefore decisively determined by its solubility selectivity. 
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Another interesting property makes rubbery membranes attractive for siloxane 
removal. In separation tasks involving two permanent gases, the ideal selectivity 
of any polymeric membrane material, regardless if glassy or rubbery, is inversely 
proportional to its permeability for the faster gas component. This is referred to 
as the permeability-selectivity trade-off: membranes are either highly permeable 
or highly selective, not both. However, in separation tasks involving the removal 
of real, condensable gases (such as siloxanes) from a less real or permanent gas 
stream (such as methane), this permeability-selectivity dependence is reverse. 
Accordingly, rubbery membranes (or more generally solubility-selective 
membrane materials) can be reverse-selective. In these cases, permeability and 
selectivity increase together, rather than opposing one another (Yampolskii et al., 
2006). A more detailed description and graphs showing selectivity as a function 
of permeability for a variety of membrane materials, so-called Robeson-plots, can 
be found in the literature: (Freeman & Pinnau, 1997; Robeson, 1991; Yampolskii 
et al., 2006).  
 
The choice of commercial polymeric membrane materials is limited. Although 
there is an abundance of potential membrane materials, the market is dominated 
by a handful of different glassy materials. Rubbery membranes are less common. 
Until today, silicone rubber, polydimethylsiloxane (PDMS) and its more selective, 
but less permeable variation poly(octylmethylsiloxane) (POMS) seem to be the 
only commercially available rubbery membrane materials, e.g. offered by MTR 
(Menlo Park, USA) and GKSS-licensees (Helmholtz-Zentrum Geesthacht, 
Germany). PDMS and POMS are well established membrane materials and are 
already extensively used in gas purification, e.g. for the removal of organic 
vapours from off-gas streams (Bodzek, 2000). Why PDMS has manifested itself 
with practically no commercial competition may be explained by its very high gas 
permeability and comparatively low cost. For example, nitrogen permeability of 
PDMS at room temperature is roughly 220 Barrer and at least 10 times higher 
than other rubbery materials such as EPDM or butyl rubbers. This leads to a 
convincing decrease in required membrane area. However, ideal vapour-
permanent gas selectivity is surely not the highest in comparison with other 
elastomers, but as many vapour recovery applications are pressure ratio-
controlled, this does not lead to noticeably lower vapour recovery compared to 
other elastomers. As a rule of thumb, in order to exploit the selectivity of a 
membrane effectively, the pressure ratio in such a process should be 
approximately equal to membrane selectivity: φ≈α (Melin & Rautenbach, 2006). 
In vacuum operation, even if a membrane material has fairly high ideal 
selectivities, e.g. above 50, it usually becomes unprofitable to operate the vacuum 
pump at correspondingly low pressures. This is because the permeate volume 
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flow increases significantly, leading to a strong growth of required compression 
power.  
Dimensionless numbers 
VMS removal, as any other membrane-based gas separation, can conveniently be 
presented using dimensionless numbers. The pressure ratio φ and ideal selectivity 
αij have already been introduced. The primary design parameter of a membrane 
process is the required purity of the product stream. The product stream is either 
the permeate or the retentate. In siloxane removal from biogas, the product 
stream is the retentate, the product component is methane and product purity is 
specified by the required degree of silicon removal ρ or the desired level of silicon 
depletion δ.  
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In contrast to vapour recovery from off-gas streams, e.g. gasoline recovery at 
petrol stations, the product component is therefore not the permeating vapour, 
but the more valuable permanent gas component, in this case methane.  
Three further possible dimensionless numbers with which the VMS separation 
performance can be described completely are methane loss λ, stage-cut SC and 
the permeation number П. Methane loss is linked to the concept of product 
component yield η, describing how much of the product component (methane) 
ends up in the product stream (retentate):  
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The stage-cut indicates which percentage of the feed flow permeates the 
membrane: 
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Finally, the permeation number combines membrane properties and operating 
conditions that have an effect on how much membrane area is needed for a 
certain separation task. It expresses the “permeation level” which can be raised 
by adding area, increasing permeance Qj=Pj/δ (i.e. reducing membrane thickness), 
increasing feed pressure or reducing the feed flow.  
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A more detailed explanation of the use of dimensionless numbers to describe 
membrane performance can be found in the literature, e.g. (Ajhar et al., 2008).
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Until now, no standardised method for siloxane quantification exists and there is controversy 
with respect to which sampling procedure is most suitable. This chapter presents an analytical 
and a sampling procedure for the quantification of common VMS in biogas via GC-MS and 
polyvinyl fluoride (Tedlar®) bags. Two commercially available Tedlar bag models are studied. 
One is equipped with a polypropylene valve with integrated septum, the other with a dual port 
fitting made from stainless steel. Siloxane recovery in landfill gas samples is investigated as a 
function of storage time, temperature, surface-to-volume ratio and background gas. Recovery was 
found to depend on the type of fitting employed. The siloxanes sampled in the bag with the 
polypropylene (PP) valve show high and stable recovery, even after more than 30 days. 
Sufficiently low detection limits below 10 µg Nm-3 and good reproducibility can be achieved. The 
method is therefore well applicable to biogas, greatly facilitating sampling in comparison with 
other common techniques involving siloxane enrichment using sorption media. 
Direct sampling 
In order to effectively evaluate gas purification installations at landfills and 
sewage treatment plants, the correct quantification of siloxane levels in biogas is 
essential. However, there is no standardised procedure (Deed et al., 2004) and 
results can vary considerably with the application of different methods (Martin et 
al., 1996) and from laboratory to laboratory (Hayes et al., 2003a; Hayes et al., 
2003b; Wheless & Pierce, 2004). Whereas analysis via GC-MS is widely agreed 
upon, there is no consensus on the most suitable sampling technique. Common 
sampling methods include drawing gas through sorption tubes (Mattersteig & 
Bilitewski, 2009) or impingers. In both cases, siloxanes are enriched so that even 
very low siloxane concentrations can be determined. However, sampling is time-
consuming and relatively complicated. Moreover, siloxanes may not absorb 
completely due to the complex landfill gas matrix (Schweigkofler & Niessner, 
1999). There is a risk of siloxane breakthrough, for example, as a result of 
competing adsorption with a wide range of less volatile VOCs present in landfill 
gas (Häusler & Schreier, 2009). In the case of solid sorbents such as activated 
carbon or resins, the siloxanes must be transferred into a solvent prior to analysis 
and it can be difficult to obtain complete desorption (Huppmann et al., 1996; 
Martin et al., 1996). The disadvantages associated with siloxane enrichment can 
be overcome by direct sampling. Especially gas sampling bags have great 
advantages with respect to handling and ease of sampling. The personnel do not 
need to be particularly trained for the sampling procedure. It requires little or no 
additional sampling equipment like coolants, pumps or flow meters, and there is 
no risk of analyte breakthrough. Both sampling over several hours as well as 
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sampling within seconds is possible. The price of a Tedlar bag with a nominal 
volume of 1 L lies below €20. Given these advantages, Tedlar bags are by far the 
most widely used biogas sampling method in Germany and have recently been 
included in the VDI-guidelines for the measurement of landfill gas (VDI, 2008). 
Yet no detailed information has been found in the international literature about 
recommended procedures implying Tedlar bags to sample biogas for siloxane 
quantification. 
The following presents an analytical routine used to determine the concentrations 
of common siloxanes L2, L3, L4, D3, D4 and D5 via GC-MS. It was applied to 
landfill gas samples, collected in 1 L-Tedlar bags. The routine implies the use of 
external standard gas bags filled with a methane-carbon dioxide gas mixture and 
spiked with a stock solution containing defined amounts of siloxanes dissolved in 
n-hexane. The analytical routine was used to measure siloxane concentrations in 
two common types of sampling bags equipped with different fittings 
(polypropylene and stainless steel). In a series of experiments, the dependence of 
siloxane recovery on temperature, surface-to-volume ratio and background gas as 
well as the siloxane stability over 30 days was investigated. 
Materials and methods 
Gas sampling bags 
The six siloxanes were obtained from ABCR (Karlsruhe, Germany): L2 (99.9%), 
D3 (95%), L3, L4, D4 and D5 (all 97%). The n-hexane was from Merck 
(Darmstadt, Germany), and the gas mixture of carbon dioxide (2.5) 50 vol% and 
methane (3.0) 50 vol% was provided by Westfalen AG (Münster, Germany). The 
Tedlar sampling bags were produced by SKC (USA) and were acquired from 
Analyt-MTC (Müllheim, Germany). Two bag types made from 50 µm thick 
Tedlar film were investigated. One has a single polypropylene fitting with 
integrated septum and is predominant in Germany (type 232), the other, older 
model is equipped with a dual port stainless steel fitting (type 231), Figure 4-1. 
All bags had nominal volumes of 1 L.  
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Figure 4-1: The investigated Tedlar gas sampling bag models: equipped with a polypropylene-
fitting (left), respectively stainless steel fitting (middle and right) 
Analytical setup 
The setup used for siloxane quantification included a forced-convection oven, in 
which the sample bag and the three external standard bags were stored during 
analysis. The oven door was replaced by a Plexiglas® screen (8 mm thick), 
through which the valves of the bags were accessible for gas withdrawal keeping 
the oven and sample temperature constant at 50 °C. This temperature was 
chosen, in order to avoid potential condensation of biogas components in the 
sample bag. The respective Tedlar bag was connected to the injection loop of the 
GC-MS system by a polytetrafluoroethylene (PTFE) capillary (i.d. 0.8 mm, length 
1 m). PTFE was found to be particularly less adsorptive to higher molecular 
siloxanes D5 and L4 in comparison with stainless steel. Before every 
measurement, the injection loop and the PTFE tubing -beforehand disconnected 
from the bag- were flushed with nitrogen (5.0) for 3 minutes at ambient 
temperature and at a primary pressure of 2 barabs. It was found that this 
procedure reduced siloxane traces in the system beyond detection. A volume of 
12 mL was drawn out of the gas bag through the capillary and the injection loop 
(1 mL). The operating conditions and instrument control parameters of the GC-
MS system are shown in Table 4-1. The mass detector parameters for the 
targeted siloxanes are also given. Except for L4, the siloxanes were identified by 
the mass ratio of three ions and quantified by the ion with the highest response. 
The mass detector was operated in SIM (selected ion monitoring) modus. A 
typical chromatogram is given in Figure 4-2.  
 
Table 4-1: Operating conditions of the GC-MS system for the analysis of volatile methylsiloxanes 
System Model Agilent Technologies 6890N 
Capillary 
Column 
Model HP-5MS 5% phenyl methylsiloxane 
 nominal length 30 m 
 nominal diameter 250 µm 
 nominal film thickness 0.25 µm 
 total run time 4.3 min 
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Continued...   
Oven  temperature program 70 °C for 1.0 min, then ramp at 25 °C per minute to 
160 °C where held for 0.3 min 
 post-run no post-run 
   Inlet parameters  Temperature 160 °C (constant) 
 pressure: 0.598 bar 
 volume of gas loop: 1 mL 
 temperature gas loop: 120 °C 
 load time gas loop: 0.20 min 
 inject time gas loop: 4.00 min 
 
split Split ratio: 20:1, split flow: 19.8 mL/min, total flow: 
23.5 mL/min 
 gas type: helium  
   
MS-detector Model Agilent Technologies 5975 
 Mode Selected ion monitoring (SIM) 
 
 
  
 
 
 Siloxane Retention time (min) Ion 1 
(quant.) 
Ion 2 
(qual.) 
Ion 3 
(qual.)   L2 1.8687±0.05% 147.1 149.1 73.1 
  D3 2.3427±0.09% 207.1 209.1 96.1 
  L3 2.6269±0.10% 221.1 223.1 73.1 
  D4 3.2398±0.06% 281.1 283.1 133.1 
  L4 3.6358±0.04% 207.1 295.1 - 
  D5 4.1034±0.04% 73.1 355.2 267.1 
 
 
Figure 4-2: Chromatogram of linear and cyclic siloxanes in selected ion monitoring 
 
Landfill gas sampling procedure 
Prior to use, every sampling bag was subjected to the following procedure. The 
valve and the septum were closed hand-tight. The bag was inflated with nitrogen 
(5.0) and optically inspected for gas tightness by submerging it into water. The 
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nitrogen was then discarded and the bag was re-filled and flushed another three 
times before it was evacuated and sealed. Gas samples were taken from the 
pressurised line (approx. 60 mbarg) of a compressor station on the landfill 
“Vereinigte Ville” in Erftstadt-Liblar, southwest of Cologne, Germany. The 
landfill gas is known for relatively high silicon concentrations of approximately 
25 mgSi Nm
-3. PTFE tubing of roughly 5 cm length was used to connect the 
sampling port with a needle valve. Another 5 cm of PTFE tubing connected the 
valve to a bubble flow meter, which was used to measure the adjusted volume 
flow (roughly 200 NmL min-1). Prior to sampling, the setup was flushed with 
landfill gas for five minutes in order to reduce potential siloxane losses due to 
adsorption on the valve and tubing. The bags were then filled with landfill gas for 
approximately 4 minutes, resulting in sampled volumes of 800 NmL.  
Standard preparation 
A 100 mL-stock solution was prepared in n-hexane, as all siloxanes were found 
to be stable in this solvent. Prior use of methanol was abandoned, as it showed 
significant decomposition of the lower molecular siloxanes after 23 days of 
storage at 4°C: D3 concentrations were reduced to 16%, L2 to 57% and L3 to 76 
%. Interestingly, methanol is a common solvent used to sample siloxanes by 
absorption in impingers (Hayes et al., 2003a). As the use of a presumably more 
inert perfluoroalkoxy polymer flask (novodirect, Germany) did not lead to higher 
siloxane recoveries, the stock solution was prepared in a Duran®-glass flask 
(Hirschmann, Germany). Upon adding the solid D3 to 50 mL of n-hexane, the 
flask was closed with a PTFE-coated septum, through which all other (liquid) 
siloxanes were injected in reverse order of their volatility. Finally, n-hexane was 
added to a total of 100 mL and the solution was stored at 4°C. Three sampling 
bags were used as calibration standards. They were always of the same type as the 
bag containing the gas sample to be analysed, i.e. were equipped with the same 
fitting. The bags were filled with 800 NmL of the methane-carbon dioxide 
mixture using a mass flow controller (Brooks, Germany) and weighed volumes of 
2, 5 and 10 µL of stock solution were injected in the respective bag after flushing 
the syringe (HP, Australia) threefold in sets of 10 flushes. Liquid injection or 
injection by droplet evaporation on the tip of the syringe’s needle showed no 
difference in later siloxane quantification, so the stock solution was injected as a 
liquid, which evaporated into the gas mixture within minutes. The errors linked 
to the preparation of the stock solution and injecting weighed volumes into the 
calibration standards are given in Table 4-2. 
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Table 4-2: Standard preparation: error estimation 
  L2 D3 L3 D4 L4 D5 
Stock solutiona 
 
 
 Added amounts 
(mg)b 
126±0.1 35±0.1 18±0.1 400±0.1 2.0±0.1 128±0.1 
  1.26±1% 0.35±1% 0.18±1% 4.0±1% 0.02±5% 1.28±1% 
Calibration standardsc 
 Concentration (mg Nm-3), spiked vol.: 10±0.15 µLb 
 
 
 15.8±3% 4.36±3% 2.25±3% 50.0±3% 0.25±6% 16.0±3% 
 Concentration (mg Nm-3), spiked vol.: 5±0.15 µLb 
 
 
 7.9±4% 2.18±4% 1.13±4% 25.0±4% 0.13±6% 8.0±4% 
 Concentration (mg Nm-3), spiked vol.: 2±0.15 µLb 
 
 
 3.15±8% 0.87±8% 0.45±8% 10.0±8% 0.05±10% 3.19±8% 
aprepared in n-hexane, total volume: 100±1 mL  
ba weighing error of 0.1 mg is assumed. With n-hexane at 20°C, this corresponds to an error 
volume of approximately 0.15 µL  
cprepared in 1 L-Tedlar sampling bags filled with a CH4-CO2 mixture, total volume: 800±20 NmL 
 
The mass of L4 in the stock solution is particularly low; the weighing error 
therefore has a comparably high impact. This can easily be remedied by adding 
greater amounts of L4 to the stock solution (at least 20 mg), however, this 
induces higher L4 concentrations than typical for landfill gas. Another way to 
reduce this error is to add elevated amounts of L4 to n-hexane, and a small 
volume of this mixture can subsequently be diluted to yield a second, separate 
stock solution. With regard to spiking the bags, volumes equal or below 5 µL 
cause noticeable errors above 4% for any siloxane, again, due to the weighing 
error. This can also be avoided by using dilutions of more concentrated stock 
solutions and injecting volumes no less than 10 µL. Of course, the above 
measures lead to an increase in time and effort, and depending on the gas to be 
analysed, there may be no practical need for high precision, e.g. with regard to 
L4, a siloxane hardly present in landfill gas. 
GC-MS calibration 
The integrated peak-signals of three calibration standards were plotted against the 
known siloxane contents in the bag. Forced through the origin, the calibration 
curves were distinctly linear for all siloxanes studied (R²>99%). The calibration 
levels were chosen to mirror siloxane concentrations in the landfill gas sampled. 
The lowest calibrated concentration range was for L4 between 50 and 
250 µg Nm-3, the highest for D4 ranging from 10 to 50 mg Nm-3. As a result of 
the high and repeated linearity of the calibration curves, it was decided to 
quantify siloxane concentrations using a 2-point calibration line forced through 
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the origin and incorporating the signals of only the calibration standard with the 
highest siloxane concentrations.  
Results and discussion 
Short-term stability and temperature variation 
A 10 L-Tedlar bag (type 232 SKC, USA) was filled with 8 NL of the methane-
carbon dioxide mixture and spiked with 50 µL of stock solution before it was set 
aside over night at ambient conditions. Assuming all siloxanes to go into the gas 
phase, theoretical siloxane concentrations were 8.3 mg Nm-3 L2, 1.4 mg Nm-3 
D3, 650 µg Nm-3 L3, 15.2 mg Nm-3 D4, 180 µg Nm-3 L4 and 1.4 mg Nm-3 D5. 
The next day, the gas was analysed at 20 °C and two 1 L-Tedlar bags (equipped 
with a polypropylene, respectively stainless steel fitting) were symmetrically 
connected to the 10 L-bag using a t-piece and tubing as short as possible. Gas 
was then transferred to the two smaller bags by pressing around 800 mL into 
each. This procedure was chosen to assure identical initial siloxane 
concentrations in both bags. Immediate analysis confirmed that the siloxane 
concentrations in both bags were practically equal (error below one relative 
standard deviation). The 1 L-bags were then alternately analysed. Both bag types 
showed stable L2 and D3 signals; L3 signals decreased only slightly. D4, L4 and 
particularly D5 losses, however, were more pronounced, especially in the bag 
equipped with the stainless steel fitting.  
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Figure 4-3: The stability of (A) octamethylcyclotetrasiloxane, D4, (B) 
decamethylcyclopentasiloxane, D5 and (C) decamethyltetrasiloxane, L4 in two 1 L-Tedlar bags 
equipped with different fittings (SS, stainless steel and PP, polypropylene). After 26 hours, the 
samples were heated from 20 to 50°C and after 48 hours the samples were re-cooled to 20°C. 
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After 26 hours, D4 signals decreased by 25% (Figure 4-3, graph A), L4-signals 
dropped by 40% (graph C) and D5-signals even decreased by approximately 50% 
(graph B). In order to assess whether losses were reversible, the bags were heated 
to 50 °C (taking roughly 20 minutes). The losses in the bag with the stainless steel 
fitting were partly recovered, with D5 and L4-signals remaining steady at about 
85% and D4 signals at around 90%. Nevertheless, at any point during the 
experiment, the siloxane concentrations in the bag sealed with the polypropylene 
fitting were higher. Reducing temperatures back to 20°C, again, resulted in 
significant losses in the bag equipped with the stainless steel fitting and signals 
were lower than previously observed at 20°C. The decreasing signals can be fitted 
to a logarithmic decay function. This function describes the siloxane losses with 
time at a constant analytical temperature of 20°C.  
It is clearly visible that the bag with the polypropylene fitting exhibits better 
siloxane stability. D4, L4 and D5 signals decreased mainly in the first 20 minutes 
after sampling and then remained relatively steady. At the end of the 
investigation (193 hours), recoveries were still above 85%. This clearly shows that 
losses are dependent on the fitting with which the bag is equipped (Wang et al., 
1996).  
Surface-to-volume ratio 
During the above experiment, 30 volumes of 12 mL were drawn from each bag. 
The total volume decrease of 360 mL per bag increased the bag surface-to-gas 
volume ratio of the samples by 81%. High surface-to-volume ratios A/V may 
lead to lower signals due to adsorption (compare Equation 4-1 to Equation 4-4).  
An experiment was conducted to visualise the adsorption of siloxanes on the 
interior surfaces of the gas sampling bags at 50°C. As previously described in the 
section GC-MS calibration, a clearly linear dependence between MS-signal and 
siloxane gas concentration was observed during calibration. This linearity was 
given in both types of sampling bags and over the entire concentration range 
typical for the respective siloxane in biogas. If adsorption occurred on the 
interior surfaces of the Tedlar bag (including the fittings), this would therefore 
suggest a linear sorption isotherm (Equation 4-1), since the percentage of the 
analyte adsorbed does not depend on concentration. It is stressed, that surface 
concentration ci,ads= ni,ads A
-1 is not physically precise, as the exact adsorption area 
A of the sampling bag is not known and consists of different materials (Tedlar 
foil, o-rings, steel or polypropylene). If the partition coefficients ki are high, the 
surface-to-volume ratio of the samples will have little effect on the measured MS-
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signal. Equation 4-2 states that of the total amount of a specific siloxane sampled 
ni,tot, one part stays in the gas phase ni,gas, while the other adsorbs ni,ads. Combining 
Equation 4-2 with Equation 4-1 yields Equation 4-3, which relates the amount of 
the respective siloxane in the gas phase to its total amount in the bag. Assuming 
ni,tot to remain practically unchanged during the experiment, a 1 L-Tedlar bag was 
filled with V0=200 NmL of landfill gas and inflated step-wise with four more 200 
NmL-volumes of the siloxane-free methane-carbon dioxide mixture. The initial 
concentrations in the 200 NmL samples were not quantified directly, however, a 
respective 800 NmL sample was taken in parallel with siloxane concentrations of 
approximately 13 mg Nm-3 L2, 2 mg Nm-3 D3, 800 µg Nm-3 L3, 23 mg Nm-3 D4, 
100 µg Nm-3 L4 and 4 mg Nm-3 D5. After each filling, the sample bag was 
allowed to equilibrate for 1 hour before it was analysed threefold at 50°C. As the 
volumes used to dilute the landfill gas sample were at room temperature, 1 hour 
was ample time to assure constant 50°C in the Tedlar bag. 
In case of negligible adsorption, siloxane concentrations should decrease in 
proportion with the relative increase in gas volume. However, in the bag 
equipped with the stainless steel fittings, D5, L4 and D4 concentrations 
decreased disproportionally less after dilution, Figure 4-4. Equation 4-4 gives the 
amount of siloxane in the gas phase after dilution relative to the undiluted base 
case. Rewritten as a MS-signal ratio R/R0 and normalised to 1 with the dilution 
ratio V/V0, the equation can be plotted to visualise siloxane adsorption.  
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The dashed line, around which all data points of L2, L3 and D3 are closely 
located, indicates no adsorption. Interestingly, the bag with the polypropylene 
fitting shows negligible adsorption. In the case of the bag equipped with the 
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stainless steel fitting, the values of L4, D4 and D5 are above the dashed line and 
can be well fitted by Equation 4-4, varying the unknown term A/ki (full lines). 
As previously mentioned, the exact calculation of ki is not possible, because the 
adsorption surface of the bag must be known and the sealing is made from 
different materials. 
Nevertheless, the experiments clearly show that the stainless steel fitting causes 
D5, L4 and D4 losses due to adsorption. Although siloxane concentrations in a 
800 NmL-Tedlar bag did recover at 50°C (Figure 4-3), some degree of 
adsorption seems inevitable, especially in samples with higher surface-to-volume 
ratios, as shown in Figure 4-4. Both fittings have parts which are lubricated with 
grease containing silicone (skcdebbie@aol.com, June 10, 2009). However, in 
contrast to the polypropylene fitting which seals the bag via a PTFE-coated 
septum, the stainless steel fitting contains an o-ring that is in direct contact with 
the sampled gas during storage. The adsorption on the fitting material itself, 
stainless steel, is perhaps also relevant. As prior experiments revealed, a steel 
capillary connecting sampling bag and injection loop was exchanged for PTFE, 
because it adsorbed siloxanes prior to analysis. D5, the least volatile of the 
siloxanes studied, adsorbs most readily on the sample bag interior. In addition, it 
is the most common siloxane in digester gas and with five silicon atoms per 
molecule, it contributes strongly to the total silicon content of the biogas. Given 
these disadvantages and the alternative of the polypropylene fitting, the bag 
model equipped with stainless steel was no further investigated.  
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Figure 4-4: Siloxane adsorption visualised by diluting a 200 NmL landfill gas sample in a 1 L-
Tedlar bag at 50 °C. (A) Stainless steel fitting: 1 L nominal volume, type 231 SKC, USA, (B) 
Polypropylene fitting: 1 L nominal volume, type 232 SKC, USA 
Sample stability 
Measured molar fractions of CH4, CO2, and air inside a reference Tedlar bag 
indicated that during storage, ambient air permeates into the samples, but faster 
counter permeation of CO2 and CH4 occurs into the surroundings. This effect 
leads to a minor decrease in sample volume with time and if no siloxane losses 
were assumed, higher siloxane signals would be registered. This observation was 
further investigated using the Tedlar bags with the polypropylene valve. An 800 
NmL land fill gas sample was drawn. Upon retrieval to the laboratory, it was 
stored at room temperature and a calibration standard was prepared. Both sample 
and standard were analysed over a period of 32 days, the first analysis was 
performed 3 hours after sampling. Moreover, directly prior to each GC-MS 
analysis, a new calibration standard (800 NmL) was prepared with which the 
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sample was quantified. On the one hand, "new" standards were used for 
quantification (Figure 4-5, graph A), on the other hand, siloxane concentrations 
were determined using the initial standard throughout, Figure 4-5, graph B.  
 
 
 
Figure 4-5: Siloxane stability in Tedlar sampling bags (1 L nominal volume, type 232 SKC, USA). 
(A) Quantified with new calibration standards, (B) quantified with the initial standard, prepared 
directly after sampling. Storage temperature: 20°C, analysis at 50°C. 
 
In any case, all siloxane concentrations remain markedly stable. The 
concentrations had a relative standard deviation (RSD) below 9% of the mean 
concentration and there was no statistical difference between the mean 
concentrations of any day and day 32, (deviation was within one SD). The mean 
silicon content attributed to the six siloxanes considered was 17.27±1.03 
mgSi Nm
-3 when quantified with new standards and 16.96±0.58 mgSi Nm
-3 with 
the initial standard.  
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Quantification with new standards leads to more fluctuating recoveries, probably 
due to the predominance of statistical errors (Table 4-2) associated with weighing 
and injecting the spike volumes for every new calibration standard.  
Quantification with the initial external standard exhibited a lower RSD for every 
compound, in average by 25%. Siloxane recovery as a function of time generally 
shows a higher degree of continuity. The deviations are more specific to the 
siloxanes and are possibly linked to the minor, but still present effect of selective 
adsorption in the bag or siloxane diffusion out of the bag during long-term 
storage. These phenomena are either more or less pronounced in the sample than 
in the initial standard, perhaps as a consequence of the different gas matrix. A 
speculative explanation requiring further investigation is that the less volatile 
siloxanes D5 and L4 in the calibration standard tend to adsorb better and/or 
diffuse faster out of the bag, possibly because there is no competing adsorption 
with other landfill gas components in the standard. The other siloxanes show no 
clear tendency in this regard. 
For practical purposes, recovery is high and stable enough to allow sufficiently 
correct sample analysis even weeks after sampling. 
Background gas and water vapour 
A test was conducted to evaluate if nitrogen (instead of the methane-carbon 
dioxide mixture) could be used to prepare calibration standards. Moreover, water 
was added to the gas to determine whether humidity had an effect on siloxane 
quantification. For this purpose, six calibration standards were prepared, each 
with a total volume of 800 NmL. Three standards were filled with nitrogen (5.0), 
the other three with the methane-carbon dioxide gas mixture. For every 
background gas, one standard was left dry, the other two were spiked with water 
(0.055 µS/cm) to attain 90 RH% at 20 and 37°C respectively. Each bag was then 
spiked with 10 µL of the stock solution and analysed over a period of 5 days. In 
relation to the calibration standard filled with the dry methane-carbon dioxide 
mixture (normalised to 100%), humidified gas (90 RH% at 37°C) lead to slightly 
higher MS-signals. The mean increase of all siloxanes over time amounts to 
roughly 6% in the CH4-CO2 mixture and 4% in nitrogen. A possible explanation 
is reduced adsorption in the bag due to the presence of water vapour. There was 
no noticeable impact of slightly humidified gas (90 RH% at 20°C) on any of the 
siloxane signals. 
Conveniently, calibration standards can also be prepared with nitrogen or 
probably with any other available gas, as results are practically identical to the 
standards prepared with the dry methane-carbon dioxide mixture.  
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Detection limit and repeatability 
The repeatability of the analytical routine was determined from 10 measurements 
of one landfill gas sample, analysed two days after sampling. With the exception 
of L4 and D5, the relative standard deviation of the measurements was below 
1%. A signal-to-noise ratio of three was regarded as the detection limit. A first 
theoretical approximation of the detection limit was achieved by analysing a 
landfill gas sample and calculating the respective signal-to noise ratio. The 
theoretical siloxane concentrations at a signal-to-noise ratio of three could be 
calculated via linear extrapolation. The detection limit was then determined 
experimentally (Table 4-3). 
This was done by consecutively injecting small volumes of landfill gas, sampled 
in another Tedlar bag and previously analysed for siloxane concentrations, into a 
fresh siloxane-free sample bag filled with the CO2-CH4 mixture. Before spiking 
the sample, the gas-tight syringes (Hamilton, USA) were flushed with the landfill 
gas and allowed to equilibrate in direct contact with the landfill gas sample for 10 
minutes.  
 
Table 4-3: Siloxane detection limit and repeatability 
  L2 D3 L3 D4 L4 D5 
Repeatabilitya (RSD)  0.42% 0.60% 0.76% 0.35% 3.72% 3.55% 
  (µg Nm-3) 
Detection limit 
(S/N=3), theoretical 
 5.33 4.80 6.31 4.23 5.94 10.19 
Detection limit 
(S/N=3), experimental 
 6.25 5.75 7.05 3.76 N/A 6.41 
Tedlar bag specifications: 1 L nominal volume, type 232 SKC, USA (polypropylene fitting). The 
bag was kept at 50°C during analysis and was connected to the injection loop via a PTFE-
capillary (1 m length, 0.8 mm i.d.).  
adetermined from 10 trials taken from a single bag filled with landfill gas of the following siloxane 
concentrations: L2 17 mg Nm-3, D3 2.8 mg Nm-3, L3 1.16 mg Nm-3, D4 37.5 mg Nm-3, L4 
97.5 µg Nm-3, D5 3.9 mg Nm-3. 
 
Both the theoretical and experimental way of determining the detection limit 
showed that siloxane concentrations in the range of 10 µg Nm-3 could be 
detected. The low detection limit and the very good repeatability qualify the 
Tedlar bag with the polypropylene fitting for biogas sampling. 
Conclusions 
It was found that the combination of direct gas sampling using commercial 
Tedlar bags equipped with relatively non-adsorbing fittings and GC-MS analysis 
is a viable option for the quantification of volatile methylsiloxanes, L2, L3, L4, 
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D3, D4 and D5 in landfill gas. The analytical method implies the preparation of a 
stock solution comprising the siloxanes in n-hexane. The calibration standards 
are Tedlar bags filled with a defined amount of gas and spiked with given 
amounts of the stock solution. Samples are favourably introduced into the 
injection loop via a PTFE capillary which is flushed between measurements. 
Siloxane losses during storage are a result of adsorption on the fittings, the 
adsorption on the Tedlar material itself is secondary. The losses can partly be 
recovered by increasing the temperature of the sample to 50°C during analysis. 
The samples stored in commercial Tedlar bags with polypropylene fittings (SKC, 
USA, type 232) were found to be stable over a period of 30 days. Other 
commonly used Tedlar bags are equipped with o-ring-sealed stainless steel 
fittings, which were shown to cause high losses of the higher molecular siloxanes 
D5, D4 and L4 within just a few hours after sampling. It is therefore imperative 
to test siloxane adsorption on fittings, before using any type of gas sampling bag 
for siloxane quantification. 
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5. Siloxane-selective membrane materials 
 
The principle of using a dense membrane to separate siloxanes from biogas is based on the 
preferred permeation of siloxanes through solubility-selective materials. This is why, in the 
following, only rubbery polymers were considered for membrane-based siloxane removal: a 
selection of 14 commercially available elastomers underwent rapid screening to assess their 
suitability for selective siloxane removal. The different materials were cast into films and the 
respective vapour transmission rate (VTR) of L2 and D5 was determined. The four most 
permeable materials were then selected for further VTR-tests involving D4, D3, L3 and L4. 
PDMS, polyether block amide copolymer Pebax®2533, polybutadiene rubber Buna®CB55 
NF and ethylene propylene terpolymer Keltan®578Z were identified as comparatively 
permeable materials. In order to assess the selectivity towards biogas major components, 
methane, carbon dioxide, nitrogen and oxygen permeability of the polymers were determined via 
gas permeation measurements.  
Materials and methods 
The tested elastomeric materials are listed in Table 5-1. The Pebax polymers were 
provided by Arkema (Serquigny, France), Keltan was sponsored by DSM 
(Heerlen, The Netherlands), Buna was supplied by Lanxess (Leverkusen, 
Germany), the PDMS film (δ≈0.5mm) was from Wacker (Munich, Germany) and 
the remaining materials were kindly made available by Helvoet (Hellevoetsluis, 
The Netherlands). The elastomers were dissolved in different solvents: either 
toluene, chloroform or formic acid (all Merck, >99%). The six siloxanes were 
obtained from ABCR (Karlsruhe, Germany): L2 (99.9%), D3 (95%), L3, L4, D4 
and D5 (all 97%). The gas permeation experiments were conducted with nitrogen 
(5.0), oxygen (4.5), carbon dioxide (4.5) and methane (3.5) acquired from 
Westfalen (Münster, Germany).  
Film preparation 
Solutions with mass ratios between 10 and 20 wt% polymer in a suitable solvent 
were prepared. Keltan 578Z and the Pebax grades needed elevated temperatures 
to reach complete dissolution; all other elastomers were dissolved at room 
temperature. The elastomer-solvent solution was filtered through a stainless steel 
sieve (ISO 9044) with a mesh size of 40 µm (Paco Paul, Germany). In order to 
acquire the desired film thickness, a given mass of the solution was evenly 
distributed on a carefully levelled Petri dish and covered with a lid. As the solvent 
evaporated over several days, an elastomer film was gradually formed. The film 
was removed from the Petri dish by exposing it to deionised water over night. 
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The films were then dried and weighed. The mean thickness of a film was 
determined by dividing its weight by the known mass density of the material and 
area. It was shown that this method rendered results practically equal to the 
thickness measured with a screw micrometer or a light microscope. 
 
Table 5-1: Selected elastomeric film materials 
 
Commercial 
name, ®,™ 
Chemical description 
Glass 
transition 
temperature 
(K) 
Density 
(g cm-3) 
Solvent 
Dilution 
ratio 
1 Elastosil R 
PLUS 4305 
polydimethylsiloxane 
150a 1.16 - - 
2 Pebax 2533 polyamide (PA) and 
polyether (PE) copolymer 
196d 1.00 
formic 
acid 
1:10 
3 Pebax 5533 polyamide (PA) and 
polyether (PE) copolymer 
N/A 1.01 
formic 
acid 
1:15 
4 Pebax MV1074 polyamide (PA) and 
polyether (PE) copolymer 
N/A 1.07 
formic 
acid 
1:10 
5 Neoprene TRT CR Polychloroprene 227b 1.04 toluene 1:10 
6 Therban 3406 HNBR Hydrogen nitrile 
butadien rubber 
237b 0.92 
chloro-
form 
1:20 
7 Buna SB 1502  215c 0.89 toluene 1:20 
8 Buna CB55 NF  180c 0.91 toluene 1:15 
9 Perbunan 1846F NBR 18: Nitrile butadiene 
rubber 
213b  toluene 1:20 
10 Perbunan 2846F NBR 28: Nitrile butadiene 
rubber 
231b 0.94 toluene 1:15 
11 Perbunan 3446F NBR 33: Nitrile butadiene 
rubber 
238b 0.95 toluene 1:10 
12 Perbunan 3945F NBR 38: Nitrile butadiene 
rubber 
255b 0.97 toluene 1:10 
13 Hypalon 4085 CSPE Chlorosulfonated 
polyethylene 
251b 1.18 
chloro-
form 
1:15 
14 Keltan 578Z EPDM :Ethylene propylene 
terpolymer 
236b 0.87 toluene 1:15 
a(Yampolskii et al., 2006) 
b(Nymeijer et al., 2004) 
c(Krajuschek, 2009) 
d(Bondar et al., 1999) 
 
Siloxane vapour transmission rate (VTR) 
The siloxane vapour permeation experiments were carried out with the setup 
shown in Figure 5-1. The setup was inspired by the upright cup test, proposed by 
ASTM E96B and investigations by Stroeks (Stroeks, 2001; Stroeks & Dijkstra, 
2001). A sample consisted of a glass bottle (100 mL) filled with 5 mL of the 
respective pure siloxane. The bottle was covered with the film (effective 
permeation area 7.1 cm²), which was pressed onto the bottle neck with a PTFE 
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ring. The sample was tightened with a screw cap incorporating a cylindrical hole. 
The air-tightness of this assembly was tested by placing silica gel into the glass 
bottle and sealing it with a stainless steel foil, resting on an o-ring. Placed in a 
water vapour-saturated atmosphere at room temperature for 48 hours, no mass 
uptake of the sample was registered. In order to avoid siloxane condensation on 
the bottom side of the films due to possibly locally lowered temperatures, the 
setup incorporated standard-use electric light bulbs (40 W) in a distance of 
around 25 cm above the samples. Film surface temperature was measured with a 
non-contact infrared thermometer (Testo 831) and was 27±2°C. The heat flow 
induced by the electric bulbs was partly insulated by a reflective mat, so the lower 
part of the bottle including the siloxane could be kept at slightly lower 
temperature to avoid siloxane condensation below the film.  
 
 
 
Figure 5-1: Siloxane vapour permeation test setup 
 
Three sample replicates per material and siloxane were placed on a platform 
shaker operating at 50 rpm (higher frequencies had no effect on the 
measurements). This was done to promote mass transfer between the liquid 
siloxane and the air inside the bottle, assuring a convection regime and siloxane 
saturated air beneath the film. The air gap between liquid siloxane and film was 
approximately 8 cm. In order to prevent an accumulation of permeated siloxane 
vapour over the samples, a table ventilator was used to sweep ambient air over 
the films. The mass of the samples was measured daily or every second day, 
depending on the elastomer. Permeation was considered steady-state and the 
sample was removed from the setup when three consecutive mass loss rates were 
fitted by a straight line with a relative error less than ±5% to the measured values. 
Gas permeation experiments 
Gas permeability measurements were performed with the most permeable 
materials using the setup shown in Figure 5-2. The film was transferred onto a 
siloxane (liquid)
electric bulbs
air flow
platform shaker
reflective mat
glass bottle
screw cap (open)
elastomer film
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filter paper and placed onto a porous, stainless steel disc (type Sika-R200 from 
GKN, Germany, porosity: approx. 50%, thickness: 3 mm). The effective 
permeation area was 23.8 cm². The permeate chamber had a mean volume of 
VP=15.1 cm
3 and a leakage rate of 1.4 mbar per 1 hour at ambient feed pressure 
and evacuated permeate chamber. All tests were conducted at feed pressures of 
110+1 kPa and at temperatures of 30±0.5°C, 40±0.5°C and 50±0.5°C. The 
thickness δ of the films was roughly 200 µm (Pebax 2533 and Keltan), 
respectively 500 µm (PDMS).  
 
 
Figure 5-2: Time-lag test setup, schematic (left) and oven interior (right) 
 
The experiments consisted of two parts. In the first part of the experiment, for 
control of gas-tightness, the so-called time lag Θ was visualised. This was done by 
evacuating both feed and permeate chambers before abruptly applying the pre-
regulated feed pressure and initiating continuous gas flow over the film. Before a 
gas molecule appears on the permeate side of the film and becomes detectable by 
the pressure sensor, it needs to overcome the diffusive mass transfer resistance of 
the film. The time-lag relates this permeation delay to the diffusion coefficient as 
follows: Θ =δ²/6D. The time-lag method is amply described in literature, e.g. 
(Rutherford & Do, 1997). With feed pressure still applied, the second part of the 
experiment consisted of re-evacuating the permeate chamber. When the 
permeate chamber was sealed, the pressure increased linearly, resembling quasi-
steady-state permeation. The slope of the pressure increase yields permeability P 
with good precision. The experiments were conducted with methane, carbon 
dioxide, oxygen and nitrogen.  
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Results and discussion 
L2 and D5 permeability 
For the comparatively permeable film materials, the mass decrease of the samples 
as a function of time was clearly linear for both L2 and D5. In contrast hereto, 
the samples with the most impermeable materials showed a relatively sharp mass 
drop in the first few hours after the start of the experiments. The mass decrease 
then slowed down and finally became relatively constant between the weighing 
intervals. Figure 5-3 shows the L2 and D5 VTRs of the membrane materials 
tested. It is apparent that higher quantities of L2 than D5 pass through the films, 
surely due to the different volatility of the compounds: the saturated partial 
pressures at 27°C are psat,L2=63 mbar, respectively psat,D5=0.38 mbar (Aspen, 2004).  
 
 
 
 
 
Figure 5-3: (A) L2 and (B) D5 vapour transmission rates in the elastomers. Three replicates. 
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PDMS is by far the most permeable material for both L2 and D5. The Buna 
elastomers show good L2 permeability, followed by Keltan 578 and the three 
Pebax grades. With regard to D5, PDMS is followed by Pebax 2533, the two 
Buna grades and Keltan. In contrast to L2, only the soft-grade Pebax 2533 is well 
permeable for D5, interestingly, the harder Pebax grades 5533 and MV1074 are 
relatively impermeable. Pebax 2533 contains a higher percentage of softer 
polyether segments than the other investigated Pebax grades, indicating that 
these segments are mainly responsible for the high D5-vapour permeability. 
Assuming vapour saturation at the bottom side of the film and negligible VMS 
concentrations on its top side, permeability P can be calculated according to 
Equation 5-1. This calculation possibly underestimates permeability, because the 
partial pressure below the film could be less than the saturated partial pressure, 
due to a concentration boundary layer in the air gap, (i.e. concentration 
polarisation). 
 
VMS,sat
film
VMS
pA
δ
tΔ
mΔ
P
⋅
=  (kg s-1 m-1 Pa-1) Equation 5-1 
 
Assuming siloxane vapour saturation at 27°C and the ideal gas law, a VTR of 1 
mg m-2 d-1 m equals approximately 34 Barrer for L2 and 2507 Barrer for D5 
(Figure 5-4, graph A). The measurements indicate that D5 permeates better than 
L2 in elastomers of lower glass transition temperatures. A Robeson plot (Figure 
5-4, graph B) supports these observations and depicts the possibly reverse-
selective separation of L2 and D5. This means that more permeable polymers are 
also more selective, a common characteristic of rubbery materials in vapour-gas 
separations (Yampolskii et al., 2006). 
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There are two clearly L2-selective elastomers. Hypalon 4085 and Perbunan 
3945F have an ideal L2-D5 selectivity below 1 and are size-sieving, in other 
words, selectivity decisively arises from differing diffusions coefficients in the 
material. Indeed, the glass transition temperatures (251, 255°C) of these polymers 
are the closest to the temperature at which the vapour permeation tests were 
conducted, making them "the glassiest" of the elastomers. The majority of the 
tested materials, however, is solubility-selective, i.e. D5 permeates better due to 
its higher solubility. The most D5-permeable material is PDMS and the most 
selective polymer is Pebax 2533 (αD5,L2≈5.1). L2, being the smaller siloxane, 
diffuses faster in any material, and the larger molecule, D5, tends to absorb better 
in the films. Presumably, all tested materials are solubility-selective when seen in 
the context of siloxane separation from permanent gases such as methane (the 
 
 
 
 
Figure 5-4: (A) L2 and D5 permeability of the most permeable materials at 27±2°C and (B) 
selectivity-permeability map of D5 and L2. Three replicates. 
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product component of biogas) or nitrogen (the main-component of VMS-loaded 
off-air).  
Although in principle applicable to siloxane removal, the Buna grades were 
comparatively soft, sticky and difficult to handle. In addition, Buna showed 
significant swelling during the vapour permeation tests. Although handling could 
perhaps be improved by adding crosslinking agents and swelling might not occur 
at biogas-typical lower siloxane concentrations, further measurements were 
restricted to PDMS, Pebax 2533 and Keltan 578.  
Best choice: Pebax 2533, Keltan 578 and PDMS 
The siloxane VTR of further VMS, namely D3, D4, L3, and L4 in these materials 
were determined, Figure 5-5. PDMS is clearly the most permeable elastomer for 
all siloxanes. With the exception of L2 in PDMS, the larger the molecule is, the 
higher its permeability. This is true for both the linear VMS on the one hand and 
the cyclic siloxanes on the other. A linear siloxane permeates better than its cyclic 
counterpart with the same number of silicon atoms, in any of the tested 
elastomers (except perhaps D4 and L4 in PDMS within the range of uncertainty). 
The unusually high permeability of L2 in PDMS could be an effect of swelling. 
L2 is the most volatile siloxane with a saturated vapour pressure about 160 times 
higher than for D5 at the studied temperature.  
 
 
In order to calculate the membrane materials' ideal siloxane selectivity towards 
gases, the gas permeability of the elastomers at different temperatures was 
determined. This was done using Equation 5-2. Permeate pressure increase can 
be fitted to a straight line if pP remains small (e.g. typically <1 % of the feed 
 
Figure 5-5: Siloxane permeability of L2, L3, L4, D3, D4 and D5 in PDMS, Pebax 2533 and Keltan 
578. Indicated are median values of three replicates. Test conditions: 27±2°C and ptot=99±2 kPa.  
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pressure is suggested) and depends on film properties (area and thickness), 
operating conditions (temperature and feed pressure) and permeability. 
 
tP
δV
pTA
)t(p i
filmP
Ffilm
P ⋅
⋅⋅ℜ
=  (Pa) Equation 5-2 
 
Figure 5-6 shows a typical gas permeation measurement consisting of the 
visualisation of the time lag (graph A), and the linear dependence (R²>99%) of 
permeate pressure on time in quasi-steady-state (graph B).  
 
Permeability dependence on temperature can be described using an Arrhenius 
approach, Equation 5-3. 
 
 
 
Figure 5-6: Permeation experiments, (A) time-lag and (B) quasi-steady-state permeation of 
methane in PDMS at 30°C. 
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Plotted as ln P=f(1/T), the calculated permeabilities at different temperatures 
were fitted by a straight line according to the least squares method. The slope of 
the line represents the term EP/ℜ, which is listed along with the permeabilities Pi 
at 30°C in Table 5-2. The measurements are presented graphically in Figure 5-7. 
 
Table 5-2: PDMS, Pebax 2533 and Keltan 578: pure gas permeability of nitrogen, oxygen, 
methane and carbon dioxide at 30°C and 110+1 kPa feed pressure, temperature dependence 
EP/ℜ and ideal selectivity 
 
PN2 
(Barrer) 
EN2/ℜ 
(K) 
PO2 
(Barrer) 
EO2/ℜ 
(K) 
PCH4 
(Barrer) 
ECH4/ℜ 
(K) 
PCO2 
(Barrer) 
ECO2/ℜ 
(K) 
αCO2-
CH4 
αO2-
N2 
αN2-
CO2 
PDMS 257 1190 534 907 814 721 2649 -118 3.3 2.1 10.3 
Pebax 
2533 
9 3766 23 3330 31 3435 220 2191 7.1 2.6 24.4 
Keltan 
578 
7 4012 19 3018 20 3633 82 2408 4.1 2.7 11.7 
All measurements were performed threefold. Max. relative deviation from the median value: 3.4% 
 
Keltan 578 is the least permeable elastomer, and again, PDMS is the most 
permeable material exceeding Keltan and Pebax by a factor of 20 to 30. An 
exception is CO2 permeability in Pebax 2533, which is only roughly 12 times 
lower than in PDMS. This results in a comparatively high ideal CO2-N2 ideal 
selectivity, which is typical for polyether block amide copolymers. CO2-CH4 ideal 
selectivity is also relatively high. The use of Pebax 2533 instead of PDMS for 
siloxane depletion from biogas would therefore imply higher methane yield and a 
higher degree of carbon dioxide removal. 
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Figure 5-7: Nitrogen, oxygen, methane and carbon dioxide permeability as a function of 
temperature in the following membrane materials: (A) PDMS (B) Pebax 2533 and (C) Keltan 578.  
 
Another interesting point is the minor decrease in carbon dioxide permeability in 
PDMS with higher temperature. Keltan 578 and Pebax 2533 show an increase in 
permeability, regardless of the gas tested, the increase in carbon dioxide 
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permeability is merely somewhat lower than for the permanent gases. A decrease 
in permeability at higher temperatures is common for vapours and real gases. In 
comparison to permanent gases, their high permeability in PDMS seems to be 
predominantly an effect of better solubility. When solubility decreases at higher 
temperatures, this outweighs the increase in diffusivity, so permeability decreases.  
As previously stated, as a matter of experimental convenience, the siloxane VTRs 
were measured at roughly 27°C. The lowest temperature at which gas 
permeability measurements were performed was 30°C. Equation 5-3 allows the 
extrapolation of gas permeability to 27°C. Accordingly, an ideal siloxane-gas 
selectivity was determined, Figure 5-8 (methane, carbon dioxide and the most 
common VMS in biogas, D4, D5 and L2 are evaluated). As anticipated from the 
Robeson-Plot, Figure 5-4, graph B, the most selective material is Pebax 2533 
(respectively Keltan 578 within the range of uncertainty). The ideal selectivity is 
significantly higher than in the case of PDMS.  
 
 
 
Figure 5-8: Ideal VMS-gas selectivity, test conditions: 27±2°C and ptot=99±2 kPa. (A) Ideal VMS-
methane selectivity and (B) ideal VMS-carbon dioxide selectivity. 
*all elastomers, especially PDMS, showed signs of swelling during L2 permeation 
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Conclusions 
Three elastomeric materials have been identified as especially suitable for the 
separation of VMS from biogas: Keltan 578, Pebax 2533 and PDMS. PDMS is by 
far the most permeable material with acceptable D4 and D5-methane ideal 
selectivities between 70 and 80. Upon exposure to L2, all elastomer films, 
especially PDMS, showed geometrical changes due to swelling. The calculated L2 
permeabilities using the described setup are therefore probably overestimated 
compared to the case of real landfill gas in which L2 is only present in very small 
concentrations. Pebax 2533 and Keltan 578 are not as permeable, but 
significantly more selective in comparison with PDMS. Both are thus also good 
candidates for a membrane-based siloxane removal process. Pebax 2533 is 
especially interesting, as suffered methane losses are bound to be significantly 
lower: in comparison with PDMS, the carbon dioxide-methane ideal selectivity is 
more than twice as high (7.1 versus 3.3 at 30°C). The permeate stream of a Pebax 
2533 membrane would therefore mainly consist of carbon dioxide. 
Unfortunately, no such membrane was found commercially available on the 
market.
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6. PDMS: VMS separation performance 
 
The siloxane vapour permeation tests described in the previous chapter were performed at the 
respective siloxane’s saturation pressure, enabling an easy and rapid overview of potentially 
suitable active layer materials. However, depending on the siloxane, VMS concentrations at 
levels typical for landfill gas are up to fifty-thousand times lower. Permeability measurements 
were therefore conducted using a synthetic biogas mixture containing realistic siloxane 
concentration levels. A commercially available, miniature PDMS- membrane contactor module 
(MedArray, USA) was used for this purpose. The siloxane separation performance of the 
module was assessed in 3- and 4-end operation. The temperature dependence of siloxane 
permeance was also determined.  
Materials and methods 
The PDMS membrane module, PermSelect XA1M-10 cm² (Figure 6-1) consisted of 
32 parallel, dense hollow fibres with no porous support layer. The dimensions of 
the fibres as stated by the producer are 167 µm inner diameter and 237 µm outer 
diameter, resulting in a wall thickness of 35 µm (MedArray, 2009). According to a 
personal e-mail communication, a wall thickness of 45 µm is assumed. The 
membrane area was roughly 10 cm², calculated using the outer diameter, 
respectively 7.05 cm² using the inner diameter. The absence of any support 
structures implies a higher degree of mixing. This makes the module especially 
interesting for 4-end applications, as permeate partial pressures are kept low 
causing an increase in flux over the membrane. Moreover, concentration 
polarisation can be averted more effectively. The PDMS module was operated 
with a feed gas spiked with defined amounts of L2, D3, L3, D4, L4 and D5 in n-
hexane. The feed gas (total volume: 23 L) was prepared in a Tedlar sampling bag 
sealed via a polypropylene fitting (SKC, type 232) with a nominal volume of 
25 L. Before use, the bag was placed in an oven at 50°C over night in order to 
assure complete volatilisation of the liquid spiking solution. In contrast to the 
siloxane vapour transmission tests, the siloxane feed concentrations realised in 
this manner were much lower, approximately 56 mgSi Nm
-3 (26 mg Nm-3 L2, 6.7 
mg Nm-3 D3, 3.7 mg Nm-3 L3, 84 mg Nm-3 D4, 350 µg Nm-3 L4, 27 mg Nm-3 
D5) and thus in the same concentration range as in landfill gas.  
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Siloxane separation performance of the module was determined in 3-end and 
4-end operation. The respective experimental setup is presented in Figure 6-2. 
 
 
 
 
Figure 6-2: PDMS membrane module setup, 3-end (above), 4-end (below), shown here: co-current  
 
Retentate and sweep gas streams were regulated with thermal mass flow 
controllers (MKS, Germany). In 3-end operation, the permeate flow was 
additionally regulated, assuring a constant flow (and pressure loss) on the 
permeate side of the module. Diaphragm vacuum pumps provided the necessary 
pressure difference for the mass flow controllers downstream of the module. The 
permeate stream was determined using a bubble flow meter. Pressure was 
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Figure 6-1: Lab-scale PDMS membrane contactor PermSelect XA1M-10 cm² (left, the coin is 1 
Eurocent), connected with PTFE tubing to pressure sensors during operation (right). 
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measured by calibration pressure sensors (Greisinger electronic, Germany) over a 
t-piece as close as possible to the module at the sweep entrance and the retentate 
exit. Siloxane concentrations were measured using a GC-MS system (Agilent 
Technologies 6890N). A detailed explanation of the MS-method is given in 
chapter 0. Methane, carbon dioxide and nitrogen concentrations were measured 
with a second gas chromatograph equipped with a heat conductivity detector. 
Due to lower methane and carbon dioxide concentrations in the sweep-retentate 
stream, a separately calibrated analytical routine was used for 4-end operation. 
Special care was taken to keep siloxane losses (due to adsorption on components 
of the setup) low. As far as possible, components made from PTFE were used, 
as this material proved to be far less adsorptive than common other materials 
including stainless steel or Tygon®. Tubing and the number of valves and 
connectors was minimised and vacuum pumps and mass flow controllers were 
placed behind the gas loop, so that they had no effect on the analysis. A system 
of two 3-way valves on both sides of the module assured that operating pressures 
remained unchanged when another gas stream was connected to the gas loop for 
analysis. In order to keep both feed and permeate pressures unchanged during 
analysis, needle valves between the valves assured the same pressure drop as in 
the gas loop. 
Firstly, pure gas permeation experiments were made to determine the permeance 
of carbon dioxide, methane and nitrogen.  
Secondly, VMS permeance was determined as a function of temperature in 4-end 
operation. For this purpose, the setup was placed in a forced convection oven 
(not displayed). Carbon dioxide (4.5) was used as sweep and feed carrier gas in 
co-current. Co-current was chosen for the sake of simpler simulations as siloxane 
permeance was calculated numerically.  
The third set of experiments was conducted in more realistic counter-current, 
both in 3-end and in 4-end operation. Feed carrier gas was a mixture of carbon 
dioxide (2.5) 50 vol% and methane (3.0) 50 vol%. Nitrogen (5.0) was used as 
sweep gas, respectively vacuum was applied to the shell-side of the module. 
These experiments were performed in an air-conditioned laboratory at 20±1°C.  
Results and discussion 
Pure gas permeance: carbon dioxide, methane, nitrogen 
Pure gas permeance of carbon dioxide was determined threefold at 20, 30 and 
40°C in 3-end operation by applying a bore-side feed flow at roughly 1 barabs and 
measuring the permeate via a bubble flow meter. The shell-side of the module 
was kept at a vacuum pressure of around 200 mbarabs. No distinguishable 
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permeance dependence on temperature was noticeable. Pure carbon dioxide 
permeance amounted to roughly QCO2=0.134 Nm
3 h-1 m-2 bar-1 ±2%RSD, assuming 
a membrane area of 7.05 cm² (based on the inner diameter of the fibres). The 
absence of any temperature dependence is in good agreement with previous 
results displayed in Table 5-2. 
Additionally, the pure gas permeance of methane and nitrogen was measured at 
20°C. Due to pronouncedly lower permeate flows, the permeance was calculated 
via the pressure increase in a previously evacuated reference volume in the 
permeate according to Equation 6-1. Methane permeance amounted to 0.034 
Nm3 h-1 m-2 bar-1 ±0.9%RSD, resulting in a mean ideal carbon dioxide-methane 
selectivity of 3.92±0.9%RSD. Nitrogen permeance was 0.014 Nm
3 h-1 m-2 
bar-1 ±1.5%RSD and ideal carbon dioxide-nitrogen selectivity was equal to 
9.83±2.5%RSD. 
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VMS permeance, general considerations 
In principle, siloxane permeance can be calculated in both 3-end and 4-end 
operation. This may be done in a wide range of operating parameters, i.e. at 
different feed flows, pressures or sweep flows. However, special care must be 
taken to operate the membrane in a selectivity-controlled regime. This implies 
that the partial pressure of the permeating component on the feed side of the 
membrane is well above the partial pressure on its backside. In this case, the 
membrane properties to be calculated, permeability and selectivity, dictate 
separation performance and not the operating conditions, i.e. applied pressures 
or sweep-to-feed flow ratio. Whereas this is somewhat less critical for the 
calculation of relatively low carbon dioxide and methane permeabilities, 
presumably high siloxane permeabilities can only be correctly accessed by 
applying high pressure ratios in 3-end or elevated sweep-to-feed flow ratios in 4-
end. 
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Figure 6-3 and Figure 6-4 show numerically determined siloxane permeance as a 
function of the module’s siloxane depletion. The dependence is shown at various 
pressure ratios, respectively sweep-to-feed-flow ratios (graph A) and feed flows 
(graph B). The figures indicate that even small, inevitable experimental 
imprecision, e.g. with regard to determining flow rates or siloxane concentrations, 
can lead to a significant miscalculation of permeance at low pressure ratios 
(respectively sweep-to-feed-flow ratios) or feed flow rates. This is especially true 
for permeants with high permeances above say 1 Nm3 h-1m-2 bar-1. In general, the 
steeper the function is, the greater the risk of error. 
 
 
 
 
Figure 6-3: Permeance simulated as a function of siloxane depletion in 3-end, co-current,  
PermSelect XA1M-10 cm². (A) Variable pressure ratio at a constant feed flow of 20 NmL min-1 and 
(B) variable feed flow at a constant pressure ratio of 100. Feed pressure: 1 barabs. 
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In view of these insights, it was decided to determine VMS permeability in 4-end 
using a feed flow of 20 NmL min-1 and a sweep-to-feed flow ratio of 5. Of 
course, an even higher feed flow would have been even more advantageous. 
However, the largest Tedlar-bag available had a nominal volume of 25 L and the 
relatively long time for the system to reach steady-state L4, D4 and D5 
concentrations in the retentate and permeate (approximately 14 hours) made 
higher feed flows impractical to realise. Sweep-to-feed-flow ratios above 5 were 
also not applied, as they do not convincingly increase precision. The most 
important decision against determining VMS permeability in 3-end was the 
potential error associated with measuring siloxane concentrations in the 
permeate. Measuring siloxane concentrations behind the vacuum pump was to be 
 
 
 
Figure 6-4: Permeance simulated as a function of siloxane depletion in 4-end, co-current, 
PermSelect XA1M-10 cm². (A) Variable sweep-to-feed-flow ratio at a constant feed flow of 20 NmL 
min-1 and (B) variable feed flow at a constant sweep-to-feed-flow ratio of 5. Feed and permeate 
pressure: 1 barabs. 
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avoided due to siloxane losses in the pump, so siloxane concentrations were 
determined in the gas loop at sub-atmospheric pressures. At a pressure ratio of 
φ=100 (i.e. p=10 mbar), a pressure sensor accuracy of ±2 mbar would result in 
an error of up to 25% in siloxane concentrations, underlining the need for 
pressure sensors with high precision, positioned as close as possible to the gas 
loop. 
 
Temperature dependence 
Temperature dependence of VMS permeance, measured at 20±1, 30, 40 and 
50°C, is shown in Figure 6-5. The whiskers indicate the possible errors. The 
errors originate from two ways of calculating siloxane depletion δ, which yield the 
same result if the siloxane mass balance closes completely (Equation 6-2). 
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Permeance was varied numerically to yield the mean siloxane depletion at the 
respective temperature. For this purpose, the membrane module was divided into 
1000 one-dimensional finite elements and the mass balance was solved for each. 
The points were fitted to an Arrhenius approach and –EP/ℜ was calculated by 
minimising the sum of squared errors between the experimental and calculated 
results (full line). The dashed lines show the upper-most limit of temperature 
dependence, the dotted line the lower limit. The permeability of all tested 
siloxanes decreases with rising temperatures. This behaviour is well known for 
vapours, as the relative decrease in solubility is higher than the increase in 
diffusivity associated with higher temperatures. Permanent gases generally show 
increasing permeabilities at higher temperatures. With this is mind, it is surprising 
that L2, being the smallest, most volatile and gas-like molecule among the tested 
siloxanes, shows the strongest relative decrease in permeability.  
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Table 6-1: VMS permeation properties in PDMS with carbon dioxide as feed and sweep gas 
 L2 D3 L3 D4 L4 D5  CH4c CO2c 
Qi, 20°Ca 
(Nm3h-1m-2bar-1) 
11.0+
09.057.0  
28.0+
01.022.1  
23.0+
00.090.1  
64.0+
00.039.2  
13.0+
00.096.2  
19.0+
58.004.3  
 
 
0.034±  
0.9%RSD 
0.134± 
2%RSD 
Ei/ℜ (K) -3110 -2400 -2300 -1830 -1260 -1020  N/A ≈0 
Pi, 20°C (δ=35 µmb) 
(Barrer) 
7400 15800 24600 31000 38300 39400  440 1740 
Pi, 20°C (δ=45 µmb) 
(Barrer) 
9500 20300 31600 39900 49300 50600  570 2240 
αi-CO2, 20°C (-) 4.3 9.2 14.4 18.1 22.4 23  0.26 1 
αi-CH4, 20°C (-) 17 36 56 71 88 90  1 3.92 
αi-CO2, 50°C (-) 1.6 4.3 6.9 10.2 15 16.7  - - 
RSD: relative standard deviation 
acalculated using the commercial module PermSelect XA1M-10 cm² and an assumed area of 7.05 cm² 
bfibre wall thickness as stated in different sources 
cpure gas permeation experiments 
 
 
Figure 6-5: VMS permeance as a function of temperature. (A) Linear siloxanes and (B) cyclic 
siloxanes. Feed and permeate pressure: roughly 1 barabs, co-current. Feed flow: 20 NmL min-1, 
sweep flow: 100 NmL min-1, carrier and sweep gas: CO2, PermSelect XA1M-10 cm². 
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Table 6-1 clearly shows that both permeability and selectivity towards carbon 
dioxide and methane increase with the molecular size of the siloxane. 
Accordingly, the most difficult siloxane to remove from biogas should be L2, the 
easiest L4 and D5. Permeability was calculated assuming a membrane area of 
7.05 cm² as the permeating flow was from the lumen side of the fibres outwards. 
Interestingly, for the calculation of permeance, it was experimentally shown that 
it does not matter whether the gas permeates into the fibre or the other way 
around. At equal partial pressure differences, permeate flow is quasi-identical in 
both cases, leading to the assumption that the effective permeation area 
corresponds to the smallest area, given by the inner diameter of the fibres. 
However, this value may vary. According to the manufacturer’s information, the 
wall thickness of the fibres is between 35 and 45 µm. Own measurements using 
PDMS film (Table 5-2) with known permeation area and thickness revealed a 
carbon dioxide permeability of 2680 Barrer at 20°C. The manufacturer plasma-
treats the membrane to enhance mechanical stability and potting properties; this 
leads to a decrease in permeability of estimated 15% (olson@medarray.com, 
2010). The calculated permeability of 2200 Barrer in Table 6-1 is therefore very 
plausible. This implies that the mean fibre wall thickness is rather 45 than 35 µm.  
Assuming 45 µm as fibre wall thickness, the VMS permeabilities in Table 6-1 are 
also similar to the values determined using the cup method as shown in the 
previous chapter (Figure 5-5). No matter which method is used to calculate 
permeability, the respective permeability of L3, L4 and D4 is practically identical. 
The cup method yields slightly higher D5 permeability but massively 
overestimates L2 permeability, probably, as previously suggested, due to swelling 
and associated plasticisation. 
 
Module separation performance 
The second set of experiments was conducted in counter-current using bore-side 
feed, both in 3-end and in 4-end operation. The mean carbon dioxide and 
methane permeances in 3-end operation were calculated using an in-house 1-
dimensional counter-current finite element model (number of cells: 100) 
implemented in the software Aspen® Custom Modeller. The calculated permeances 
were QCO2=0.138 ±3.4%RSD Nm
3 h-1 m-2 bar-1 and QCH4=0.041 ±3.4%RSD Nm
3 h-
1 m-2 bar-1. Accordingly, mean selectivity was 3.4±4.8%RSD, notably lower than the 
ideal selectivity of 3.92±0.9%RSD. Apparently, this was a result of higher methane 
permeance, as in the presence of carbon dioxide it increased by roughly 20% 
compared to the pure gas experiment. Assuming unhindered permeate flow, the 
mean molar fraction of carbon dioxide in the permeate can be calculated using 
Equation 3-8 which is a function of selectivity. Selectivity calculated this way 
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equalled 3.37±0.6%. Simulated methane and carbon dioxide losses over the 
membrane are displayed as full lines in Figure 6-6, graph A. There is good 
agreement between the calculated and the experimental results. The stage-cut, 
defined as the percentage of the feed flow permeating the membrane is also 
displayed.  
 
 
Interestingly, at comparable levels of siloxane removal, 4-end showed noticeably 
lower methane losses than 3-end operation (Figure 6-6, graph B). This pointed to 
higher carbon dioxide-methane selectivity. Indeed, both finite element 
simulations and simpler calculations (involving mean partial pressure differences) 
showed that in comparison to the pure gas experiments, methane permeance in 
4-end dropped by roughly 36% (QCH4=0.026±3.8%RSD Nm
3 h-1 m-2 bar-1), 
however, carbon dioxide permeance only decreased by 27% (QCO2=0.101± 
 
 
Figure 6-6: Methane loss, carbon dioxide loss and stage-cut SC in (A) 3-end and (B) 4-end 
operation. Counter-current. PermSelect XA1M-10 cm². Feed: 11 NmL min-1, 50 vol% methane, 50 
vol% carbon dioxide, roughly 1 barabs. Sweep gas was nitrogen (5.0) at pressures between 1 and 
1.07 barabs. 
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1.6%RSD Nm
3 h-1 m-2 bar-1). Hence, in the case of 4-end operation implying 
nitrogen counter-permeation, carbon dioxide-methane selectivity equalled 
3.8±4.1%RSD, and was in good agreement with the ideal selectivity of 
3.92±0.9%RSD.  
As this discrepancy between permeances in 3- and 4-end was unexpected, the 
experiments were repeated two more times with more calibration points (10 
instead of 2). The experiments confirmed the prior results. Nitrogen permeance 
could only be calculated with a relatively high uncertainty due to its stronger 
sensitivity to measurement errors. It equalled QN2=0.016±19.4%RSD 
Nm3 h-1 m-2 bar-1, and appeared to have slightly increased in comparison to pure 
gas permeation. With regard to 4-end operation, it is a reasonable assumption 
that nitrogen counter permeation can lead to lower methane and carbon dioxide 
permeance. It is not known, however, why the use of sweep gas should lead to 
lower methane permeance, without effecting carbon dioxide equally strong. 
Concerning 3-end operation, it is not clear, why methane permeance decreased 
considerably, whereas carbon dioxide permeance remained practically unchanged. 
The effects of permeant co-permeation and sweep gas counter permeation were 
put aside to study in the near future. 
Figure 6-7 shows the separation performance of the module in 3-end, Figure 6-8 
in 4-end operation. The whiskers indicate the error associated with calculating 
siloxane removal by either the retentate or the permeate stream. Of course, 
ideally, siloxane removal ρ calculated both ways is equal (Equation 6-3). 
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The observed siloxane removal in both 3-end and 4-end operation can be best 
described as a root function, similar to Figure 3-3. The lower the permeance of 
the VMS is, the earlier the respective function levels off with increasing pressure 
ratios or sweep-to-feed-flow ratios. At the studied retentate flow of 
10 NmL min-1, pressure ratios lower than 5 or sweep-to-feed flow ratios below 
0.1 will lead to more or less identical removal levels for every siloxane studied. 
This indicates that in this range, the operating conditions dictate the effectiveness 
of siloxane removal, not the membrane properties. The calculation of relatively 
high VMS permeability as previously described would therefore not be possible. 
The high permeability of D5 and L4, for example, can only be exploited at higher 
pressure ratios or sweep-to-feed flow ratios, where operation is selectivity-
controlled and the low permeate partial pressures assure a pronounced partial 
pressure difference between the feed and permeate side. 
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The previously calculated siloxane permeances listed in Table 6-1 were used to 
simulate siloxane removal in 3- and 4-end operation. The results obtained in 
3-end operation show that the L3, L4 and D4 permeances correspond very well 
to the tabulated values. L2, D3 and D5 permeances, however, were slightly 
higher in the 3-end experiments than the median values stated in Table 6-1. 
Simulating 4-end operation revealed that, with the exception of L4 and D5, 
siloxane permeances were lower than the median values in Table 6.1. The 
observed permeance decrease in 4-end operation does therefore not only effect 
methane and carbon dioxide, but also L2, L3, D3 and D4, albeit to a smaller 
degree (roughly 10-20%).  
The VMS permeances calculated for each operating mode are summarised in 
Table 6-2. 
 
 
 
Figure 6-7: 3-end operation: experimentally determined siloxane removal (large symbols) and 
simulated removal performance (full lines and smaller symbols) for (A) linear siloxanes and 
(B) cyclic siloxanes. Feed pressure: roughly 1 barabs, counter-current. Retentate flow: 10 
NmL min-1, PermSelect XA1M-10 cm². 
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
0 5 10 15 20 25 30
Si
lo
x
an
e 
re
m
o
v
al
 
ρ
(%
)
Pressure ratio φ=pF/pP (bar/bar)
L2 L3 L4
L2, sim. L3, sim. L4, sim.
A
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
0 5 10 15 20 25 30
Si
lo
x
an
e 
re
m
o
v
a
l ρ
 
(%
)
Pressure ratio φ=pF/pP (bar/bar)
D3 D4 D5
D3, sim. D4, sim. D5, sim.
B
80 | 6.  PDMS: VMS separation performance 
 
Table 6-2: Permeation properties in PDMS for 3-end & 4-end operation 
 Permeance Qi (Nm3 h-1 m-2 bar-1) 
 L2 D3 L3 D4 L4 D5  CH4 CO2 N2 
3-enda 0.70 1.50 1.90 2.40 3.10 3.20 
 
 
0.041 0.138 - 
4-enda,b 0.50 1.10 1.50 1.90 2.90 3.00  0.026 0.101 0.016 
afeed gas: 50 vol% methane, 50 vol% carbon dioxide 
bsweep gas: nitrogen  
 
 
 
 
 
Figure 6-8: 4-end operation: experimentally determined siloxane removal (large symbols) and 
simulated removal performance (full lines and smaller symbols) for (A) linear siloxanes and (B) 
cyclic siloxanes. Feed and sweep pressure: roughly 1 barabs, counter-current.  
Feed flow: 11 NmL min-1, PermSelect XA1M-10 cm². 
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Dimensionless numbers 
A typical landfill gas (VDI, 2006) is assumed, in which the total VMS mass 
distribution mi /∑mi is partitioned as follows: 61% D4, 16% D5, 16% L2, 4.4% 
D3, 2.2% L3 and 0.4% L4. With these siloxanes as the only silicon source in this 
model landfill gas, Figure 6-9 shows silicon removal ρ, silicon depletion 
δ=xSi,R/xSi,F, methane loss λ and stage-cut SC in 3-end operation as simulated 
using the permeances given in Table 6-2. Figure 6-10 shows the siloxane 
separation performance in 4-end. Results are given for different dimensionless 
permeation numbers П defined as follows: 
 
N,F
FM2CO
V
pAQ
Π
&
⋅⋅
=  (-) Equation 6-4 
 
The permeation numbers used in Figure 6-9 and Figure 6-10 are calculated using 
AM=7.05 cm², carbon dioxide pure gas permeance QCO2=0.138 Nm
3 h-1 m-2 bar-1 
(for both 3 and 4-end) and realistic feed flows entering the studied PDMS 
module: N,FV& =3, 5, 7.5, 10, 12.5, 15, 20, 25, 30 and 40 NmL min
-1. 
The permeation number and all the other dimensionless numbers serve to 
present membrane separation performance in a most general way. It is easily 
possible to identify how much membrane area is needed to purify a given feed 
flow of landfill gas to a required silicon depletion level and to quantify the 
associated flow and methane losses over the membrane. The dashed lines in 
Figure 6-9 and Figure 6-10 indicate 90 and 95% of the respective maximum 
value. In 3-end operation, increasing the pressure ratio beyond approximately 
φ=25 has no more distinct effect on the stage-cut, no matter which permeation 
number is chosen (almost vertical dashed lines in Figure 6-9, graph C). The 
methane loss (graph D) remains practically unchanged even above pressure ratios 
as low as roughly φ=15. 
In 4-end operation, the respective dashed lines are more horizontal, pointing to a 
closer dependence on the permeation number. Generally, however, sweep-to-
feed-flow ratios above 0.5 do not significantly increase methane losses, and the 
stage-cut remains unchanged beyond sweep-to-feed-flow ratios of roughly 1. 
With regard to using air as sweep gas, it can be shown that oxygen concentrations 
in the retentate will not exceed the limiting oxygen content necessary to make the 
landfill gas explosive. The theoretical “worst-case” is a maximum oxygen flow 
counter-permeating from the sweep to the feed side at a partial pressure 
difference of 0.21 bar. Assuming that oxygen permeates twice as fast as nitrogen, 
(Table 5-2), the maximum oxygen molar fraction in the retentate depends on the 
permeation number and lies between 0.2 and 3%. A look at the flammability 
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diagram of methane in an oxygen-nitrogen atmosphere at 20°C reveals that an 
oxygen content above 12 vol% is needed for explosion to occur. Moreover, if 
carbon dioxide instead of nitrogen is the inert gas, the limiting oxygen content 
increases to 14.5 vol% (Jones, 1928). An explosive gas mixture can therefore not 
be formed in the retentate as a result of normal membrane operation. In the 
permeate stream, however, under certain circumstances, methane content can 
exceed the lower explosive limit of approximately 5 vol% at 20°C. This is the 
case when the chosen sweep flow is too small to sufficiently dilute the permeated 
methane. As an empirical rule of thumb, the quotient of permeation number and 
sweep-to-feed flow ratio should be greater than 1.2 to avoid the formation of an 
explosive gas mixture. This specification is easily met and is not linked to any 
significant drawbacks. Nevertheless, it is a justified measure of precaution to 
install a sensor on the permeate side, should the process ever be used on a larger 
scale.  
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Figure 6-9: Simulated PDMS membrane separation performance in counter-current 3-end 
operation, 20±1°C. (A) Silicon removal ρ (B) silicon depletion δ (C) stage-cut SC and (D) methane 
loss λ. Feed gas: 50 vol% methane and 50 vol% carbon dioxide. VMS mass distribution in the 
feed: 61% D4, 16% D5, 16% L2, 4.4% D3, 2.2% L3 and 0.4% L4. Permeation number definition: 
П=QCO2 AM pF 1
N,FV
−& . 
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Figure 6-10: Simulated PDMS membrane separation performance in counter-current 4-end 
operation, 20±1°C. (A) Silicon removal ρ (B) silicon depletion δ (C) stage-cut SC and (D) 
methane loss λ. Feed gas: 50 vol% methane and 50 vol% carbon dioxide at 1 barabs. VMS mass 
distribution in the feed: 61% D4, 16% D5, 16% L2, 4.4% D3, 2.2% L3 and 0.4% L4. Permeation 
number definition: П=QCO2 AM pF 1
N,FV
−& . Sweep gas: nitrogen, 1 barabs. 
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Upscaling example 
The following example explains the use of the previous graphs to solve an 
upscaling problem in 3-end operation. The silicon concentration of a model 
landfill gas, 50 vol% methane and 50 vol% carbon dioxide, exceeds the engine 
manufacturer’s specifications by 100%. A PDMS module shall be used to reduce 
Si-concentrations to the permitted levels. Graph B in Figure 6-9 shows that a 
number of operating conditions can be applied to reach the desired silicon 
depletion of 50%. These are given in Table 6-3 for five selected permeation 
numbers.  
 
Table 6-3: PDMS in 3-end vacuum operation. Possible operating conditions to reach a silicon 
depletion of 50% 
 П= 0.081 0.108 0.162 0.216 0.324 
Pressure ratio φ (-) 29 17 9.5 7 4.5 
Stage-cut SC (%) 6.5 7.5 9 11 15.5 
Methane loss λ (%) 2.5 3 4.5 6 8.75 
Permeate flow (m3 h-1)a 1920 1280 860 770 740 
Membrane area AM 
(m2)a,b 
590 780 1170 1570 2350 
acalculated assuming a feed flow of 1000 Nm3 h-1 at 1 barabs 
bcalculated assuming QCO2=0.138 Nm3 h-1 m-2 bar-1 
 
The results clearly show that -for a given silicon depletion- the permeation 
number is inversely proportional to the pressure ratio. Generally, permeation 
numbers should be kept low in order to reduce membrane area, methane losses 
and the stage-cut. However, the lowest possible permeation number for a given 
silicon depletion is only achieved at infinite pressure ratio (Figure 6-11), or 
sweep-to-feed-flow ratio, leading to infinite compression (3-end) or ventilation 
energy (4-end operation). With regard to this example in 3-end, the lowest 
possible permeation number that reaches a silicon depletion of 50% is roughly 
0.045. 
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Energy demand 
The membrane must be operated at an operating point, which represents a 
compromise between membrane area and energy requirements. In vacuum 
operation, the definition of the total electric energy demand can be helpful. This 
is the sum of the energy needed for compressing the permeate and the energy left 
unused due to methane losses. The energy is normalised to one normal cubic 
metre of product methane to render the results comparable. 
 
R,4CHN,R
4CHcomp
4CHcomptot
xV
PP
eee
⋅
+
=+=
&
 (kWhel Nm
-3
CH4,R) Equation 6-5 
 
The electric compression power Pcomp is expressed as the adiabatic isentropic 
compression energy flow required to compress the permeate stream divided by 
the compression efficiency ηcomp. 
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The isentropic exponent κ of both methane and carbon dioxide is roughly 1.3 
(Kovats, 1964). This value is therefore also used for the methane-carbon dioxide 
permeate mixture. 
 
 
Figure 6-11: Maximum silicon depletion (acquired at infinite pressure ratio or infinite sweep-to-
feed-flow ratio) as a function of the permeation number. VMS mass distribution in the feed: 61% 
D4, 16% D5, 16% L2, 4.4% D3, 2.2% L3 and 0.4% L4.  
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The loss of electric power associated with the permeated methane, PCH4, can be 
calculated using the lower combustion enthalpy of methane, ∆HL=802 kJ mol
-1 
(at 25°C, 100 kPa): 
 
( )
N
N
LN,FconvCH4
T
p
HΔλVηP
⋅ℜ
⋅⋅⋅= &  (kWel) Equation 6-7 
 
Besides the operating conditions defining the stage-cut and the methane loss of 
the membrane, compression efficiency ηcomp and methane conversion efficiency 
ηconv are also needed to calculate the specific total energy etot. In general, the 
methane is burned in an internal combustion engine connected to an electric 
generator. State-of-the-art energy conversion efficiencies are in the range of 
ηconv=40%. It is assumed, that the compression efficiency of vacuum pumps 
equals ηcomp=30%. Using these values, Figure 6-12 shows how much energy is 
needed to assure a specified level of silicon depletion as a function of the 
permeation number in 3-end operation. 
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Figure 6-12: Energy demand for silicon depletion from biogas using a PDMS membrane in 3-end 
operation. (A) compression energy ecomp, (B) energy attributed to permeated methane eCH4, (C) the 
sum of both: etot. Feed gas: 50 vol% methane and 50 vol% carbon dioxide at 1 barabs. VMS mass 
distribution in the feed: 61% D4, 16% D5, 16% L2, 4.4% D3, 2.2% L3 and 0.4% L4.  
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If silicon is depleted to low levels, the methane losses linked to high permeation 
numbers lead to high energy penalties (Figure 6-12, graph B). Depending on the 
permeation number, the curves stop at a given maximum silicon depletion, as 
previously described in Figure 6-11. If silicon is depleted to very low levels 
requiring high pressure ratios, etot increases sharply due to high compression 
power requirements. The permeation number requiring the least energy for the 
desired silicon depletion can be paired with its pressure ratio (Figure 6-9, graph 
A) to obtain the most energy-efficient operating conditions. In case of the 
example implying 50% silicon depletion, a permeation number around 0.054 
would be a good estimate. This corresponds to a pressure ratio that is well above 
50. The same observation can be made if greater amounts of silicon must be 
removed, confirming that high pressure ratios are needed to remove siloxanes 
energy-efficiently. 
The energy demand in 4-end operation is displayed in Figure 6-13. It was 
assumed, that the pressure drop on the sweep-side of the membrane is a process 
design specification and equals 100 mbar. This value is surely too high, but 
willingly represents a conservative approach. A compression efficiency of 
ηcomp=75% was assumed. For a given level of silicon depletion, compression 
energy is very much lower than in 3-end (graph A). Moreover, as a result of the 
higher carbon dioxide-methane selectivity, less methane is lost over the 
membrane. The unused amount of energy attributed to the permeated methane is 
roughly one third lower than in 3-end operation (graph B). In total, 4-end 
operation requires roughly 40% less energy than 3-end to deplete siloxanes to a 
specified level.  
Of course, in real applications, it is not energy consumption or methane loss that 
are usually minimised, but costs. The assessment of operating and investment 
costs plays just as much a role as governmental subsidies for biomethane to 
identify the most profitable siloxane removal technology and operating 
conditions. Finally, the treatment of the permeate stream must be 
environmentally sound and cost-efficient. 
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Figure 6-13: Energy demand for silicon depletion from biogas using a PDMS membrane in 4-end 
operation. (A) compression energy ecomp, (B) energy attributed to permeated methane eCH4, (C) the 
sum of both: etot. Feed gas: 50 vol% methane and 50 vol% carbon dioxide at 1 barabs. VMS mass 
distribution in the feed: 61% D4, 16% D5, 16% L2, 4.4% D3, 2.2% L3 and 0.4% L4.  
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Conclusions 
A mixture of VMS of landfill gas-typical concentrations and carbon dioxide was 
fed to a commercially available, laboratory-scale PDMS membrane. 
Measurements with carbon dioxide as sweep gas revealed siloxane permeabilities 
between roughly 9000 (L2) and 50,000 Barrer (D5) at 20°C. The ideal selectivity 
towards carbon dioxide was in the range of approximately 4 (L2) to 23 (D5) and 
towards methane between 13 (L2) and 76 (D5). The permeabilities of all studied 
siloxanes decreased with rising temperatures, interestingly, the more volatile the 
siloxane, the stronger the decrease. The PDMS module was then used to remove 
VMS from a synthetic biogas gas mixture under realistic operating conditions in 
3-end and 4-end operation. Observed carbon dioxide, methane and VMS 
permeances were slightly higher in 3-end than in 4-end operation. The 
performance of the membrane was simulated as a function of feed flow and 
pressure ratio (in 3-end), respectively sweep-to-feed flow ratio (4-end). 
Dimensionless numbers were used to present the results in a most general way, 
allowing the identification of suitable operating points to achieve a desired level 
of silicon depletion. Moreover, the energy demand of a membrane process in 3-
end vacuum and 4-end operation using ambient air as sweep gas was determined: 
4-end is far more energy-efficient than 3-end. Nevertheless, methane losses 
constitute the major part of the energy penalty of PDMS-based siloxane removal, 
regardless of the operating mode. Therefore, alternative membrane materials with 
higher carbon dioxide-methane selectivities would be of special interest. 
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7. Proof  of  principle 
 
As a proof of principle, a larger version of the PermSelect-PDMS module was used to purify 
landfill gas on the site “Vereinigte Ville” in Erftstadt-Liblar, Germany. Over a period of 40 
days, the depletion of the following impurities were measured: VMS, hydrogen sulphide, 
benzene, toluene, ethylbenzene and xylene (BTEX). The operators of the site imposed 3-end, 
due to concerns that 4-end with air as sweep gas could be unsafe with regard to explosion 
(proven to be groundless in chapter 6). 
The landfill was equipped with a conventional, state-of-the-art purification system built in 
2009, consisting of a gas chiller (operating at +5°C) and subsequent adsorption on activated 
carbon. During the first 3 weeks of operation, the membrane-based pilot plant was connected to 
the pre-dried landfill gas after the chiller. In order to test whether the membrane could replace 
both chiller and adsorption units and cope with humidity, the membrane was connected to the 
raw gas before the chiller. The pilot plant worked flawlessly and the membrane module removed 
trace gas components without signs of diminishing efficiency.  
Materials and methods 
Pilot plant and membrane module 
The plant was designed in a joint effort of S.T.E.P. Consulting, Aachen and 
AVT.CVT of RWTH Aachen University. All components were chosen, ordered 
and assembled at AVT.CVT. The plant is mobile and versatile, allowing its use 
for other gas permeation applications in 3- or 4-end. The feed and sweep streams 
entering the plant are regulated by thermal mass flow controllers. The permeate 
and retentate streams leaving the membrane are measured with thermal mass 
flow meters (Bronkhorst, Germany). The data acquisition system consists of a 
multi-channel data card (National Instruments, Germany) connected to a laptop 
computer. The signals are collected, treated and saved as mean values for 20-
second intervals with the programme DasyLab9. As a matter of precaution, all 
electric components in the permeate line, including the mass flow meter and the 
vacuum pump are ATEX-certified. Moreover, the plant shuts down automatically 
in case of abnormally high permeate flows above 200 NL h-1, pointing to a leak in 
the permeate line. The vacuum pump is a dry-compressing scroll pump, model 
XDS35i (Edwards, Germany), its maximum volume flow is 35 m3 h-1 at a suction 
head pressure of 10 mbar. The landfill feed gas was compressed via a diaphragm 
pump, model N035STE (KNF, Germany) to supply the pressure difference 
needed for feed flow regulation. Special care was taken to choose inert materials 
such as PTFE or stainless steel for parts in contact with the gas streams. All lines 
were made from PTFE tubing (i.d. 8 mm, respectively 4 mm). The heart of the 
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plant was the membrane contactor PermSelect XA1M-2500 cm². According to the 
manufacturer (MedArray Inc, USA), it consisted of 3750 PDMS hollow fibres 
with a total permeation area of 0.176 m², calculated using the inner diameter of 
the fibres. The module had a pure gas carbon dioxide permeance of QCO2=0.13 
Nm3 h-1m-2 bar-1±3%RSD at 20°C. The landfill gas was connected to the bottom-
left feed port leading to the lumen-side of the fibres (Figure 7-1). Vacuum was 
applied to the horizontal shell-side port. The flow pattern realised this way was a 
mixture between cross- and counter-current. The left of the other two shell-side 
ports was plugged and the right port was connected to two pressure sensors with 
different precision ranges. The streams leaving the membrane were led back into 
the main landfill gas line. Roughly 10 cm away from the feed, retentate and 
permeate ports were t-pieces from which a sample stream could be taken during 
operation. Permeate and retentate samples were taken simultaneously without 
changing the operating pressures or the feed stream. The sampling lines were 
flushed for 20 minutes to prevent siloxane losses due to adsorption on the tubing 
or the flow-regulating valves. The waste gas used to flush the sampling lines was 
collected in a 25 L -gas bag. It was then removed and the sampling line was 
connected to the actual 1 L-Tedlar sampling bag. After the retentate and the 
permeate were sampled, a sample of the feed gas was taken the same way. 
 
 
The feed gas sample was therefore taken 20 minutes after the retentate and the 
permeate were sampled, however, this was willingly taken into account to assure 
that the sampling lines were well flushed before sampling.  
 
Figure 7-1: PDMS-membrane module: schematic by MedArray (MedArray, 2009). Printed with 
kind permission from MedArray. All rights reserved to MedArray Inc. MI USA. 
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Figure 7-2 is a photograph of the plant, Figure 7-3 shows the flow diagram. 
 
 
 
 
 
 
 
 
 
Figure 7-2: Membrane pilot plant connected to the landfill gas line 
7. Proof of principle  | 95 
 
 
Figure 7-3: Membrane pilot plant, flow diagram (courtesy of S.T.E.P. Consulting, Aachen 
Germany). Yellow lines: feed, retentate, permeate, green line: sweep. 
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Analytical routines 
The siloxane concentrations in the sampled gas were determined via GC-MS (as 
previously described in chapter 0) within 12 hours after sampling. Carbon 
dioxide, methane and the sum of nitrogen and oxygen concentrations were also 
determined. In addition, the MS-responses of hydrogen sulphide, ethyl benzene, 
m-and p-xylene, o-xylene, benzene and toluene were measured, but no 
quantification was performed. The analytical method used for this purpose is 
given in Table 7-1. 
 
Table 7-1: Operating conditions of the GC-MS system for the analysis of H2S and BTEX 
System Model Agilent Technologies 6890N 
Capillary 
Column 
Model HP-5MS 5% phenyl methylsiloxane 
 nominal length 30 m 
 nominal diameter 250 µm 
 nominal film thickness 0.25 µm 
 total run time 5.92 min 
   
Oven  Temperature program 40°C for 2.0 min, then ramp at 12 °C per minute to 
87 °C  
 post-run 1.5 min at 160°C 
   
Inlet parameters  Temperature 160°C (constant) 
 pressure: 0.486 bar 
 volume of gas loop: 1 mL 
 temperature gas loop: 120 °C 
 load time gas loop: 0.20 min 
 inject time gas loop: 4.00 min 
 
split Split ratio: 10:1, split flow: 10 mL/min,  
total flow: 13.7 mL/min 
 gas type: helium  
   
MS-detector Model Agilent Technologies 5975 
 Mode Selected ion monitoring (SIM) 
 
  Component 
Retention 
Time (min) 
Ion 1 
(quant.) 
Ion 2 
(qual.) 
 
  hydrogen sulphide 1.566 34.0 33.0  
  benzene 2.60 78.1 56.1  
  toluene 3.787 91.10 65.10  
  ethyl benzene  5.168 91.10 106.20  
  m-and p-xylene  5.288 91.10 77.0  
  o-xylene 5.647 91.10 106.10  
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Operating points 
The siloxane separation performance of the PDMS membrane module under 
ideal conditions using synthetic biogas was known from the laboratory 
experiments, chapter 6. The main objective was therefore not to repeat these 
experiments, but to assess whether the membrane module could be used with 
real landfill gas over a somewhat longer period of time. The module was operated 
at constant 1.4 barabs feed pressure and approximately 120 NL h
-1 feed flow. The 
following six operating points were realised: 
 
1. Membrane temperature: TM=40°C, permeate pressure: pP=50 mbarabs, pre-
dried gas, 6 days 
2. TM=varied (between 27 and 35°C), pP=50 mbarabs, pre-dried gas, 4 days 
3. TM= 35°C, pP=50 mbarabs, pre-dried gas, 3 days 
4. TM= 35°C, pP=100 mbarabs, pre-dried gas, 14 days 
5. TM= 35°C, pP=100 mbarabs, raw gas, 7 days 
6. TM= 35°C, pP=50 mbarabs, raw gas, 7 days 
 
After the respective operating conditions were changed, the membrane module 
was left to reach steady-state conditions for at least 48 hours before taking first 
samples (the laboratory experiments with synthetic biogas, cf. chapter 6, made 
clear, that the module needed roughly 14 hours to reach steady-state siloxane 
concentrations). Feed, retentate and permeate samples were taken every second, 
respectively third day. In the first 27 days of operation, a pre-dried bypass stream 
between the chiller and the adsorbers was purified by the membrane. The 
experiments were performed between July 28 and September 6, 2010. Depending 
on the time of day, the ambient temperature in the container, which housed the 
pilot plant, was between 15 and 30°C. From the laboratory experiments, it was 
known that operating temperatures should be kept as low as possible to assure 
high VMS permeability and selectivity towards methane. Nevertheless, in order 
to realise constant membrane temperatures, in the first 6 days, the oven was set 
to 40°C. Keeping the setup at 30°C proved to be impossible, as summer 
temperatures and the waste heat of the vacuum pump and the compressor led to 
ambient temperatures partially above 30°C. The oven was therefore set to 35°C, 
the lowest possible temperature that could be regulated by the oven. Up till then, 
a permeate pressure of 50 mbarabs was realised, corresponding to a relatively high 
pressure ratio of φ=28. It was therefore decided to decrease the pressure ratio to 
φ=14, increasing the permeate pressure to 100 mbarabs. This operating point was 
held for 14 days, before the membrane was connected to raw landfill gas. This 
was done in order to test if the humidity of the landfill gas had an effect on the 
VMS separation performance of the membrane. 
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Results and discussion 
VMS feed concentrations 
The membrane contactor purified landfill gas over a period of 41 days. The VMS 
concentrations in the feed gas are shown in Figure 7-4. Siloxane concentrations 
in pre-dried feed gas (day 0 to 26) were not conspicuously different from 
concentrations in the raw landfill gas (day 27 to 41). Of the siloxanes studied, the 
most abundant are D4, L2 and D5 (graph A) whereas D3, L3 and L4 
concentrations are significantly lower (graph B). The mean six VMS 
concentrations add up to roughly 73 mgVMS Nm
-3 and correspond to a total 
silicon concentration of 27 mgSi Nm
-3. The volume fractions of carbon dioxide 
and methane in the landfill gas were relatively constant during operation: 52 vol% 
CH4 ±3.2%RSD and 38 vol% CO2±3.2%RSD. The remaining 10 percent mainly 
consist of nitrogen, rest water vapour and oxygen. Although not separately 
measured, data provided by the landfill operators show that oxygen content is 
around 0.7 vol%. The total silicon concentration per normal cubic metre of 
methane was 52 mgSi Nm
-3
CH4, which is clearly above 5 mgSi Nm
-3
CH4,a common 
limit imposed by engine manufacturers. 
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The VMS concentrations fluctuated over time. All concentrations virtually 
increased or decreased uniformly. Nevertheless, relative fluctuations from the 
mean respective concentration differ from siloxane to siloxane. The 
concentrations of the smallest siloxane L2 are the most stable (roughly ±10% 
RSD), whereas the larger, less volatile VMS, in particular L4 and D5, show 
stronger fluctuations (roughly ±25% RSD). 
In comparison with other landfill gases, the VMS concentrations are apparently 
very high, Figure 7-5. The authors of VDI-guideline 3860 Part 1, entitled 
Measurement of landfill gas, have collected VMS concentrations of 120 landfills 
equipped with gas collection systems (VDI, 2006). The calculated median silicon 
concentration is only 2 mgSi m
-3 in a range of 1 to roughly 8.5 mgSi m
-3 (the lower 
and upper 15 % of the measured concentrations were excluded). Judging by this 
survey, silicon concentrations in Erftstadt-Liblar are clearly above average, 
 
 
 
 
Figure 7-4:VMS concentrations in the raw gas during the operating period 
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however, they are not untypical as even higher concentration levels are stated in 
some other publications (Schneider, 2001). In contrast hereto, the relative 
distribution of the individual VMS in the gas is astoundingly similar. The VDI-
guideline identifies D4, D5 and L2 as the most abundant VMS, D3 is less 
common, and L3 and L4 are practically only present in very small concentrations. 
Figure 7-6 shows that this is also valid for the studied landfill gas, and that the 
VMS distribution is practically identical.  
 
 
 
 
 
Figure 7-5: Median VMS and silicon concentrations: (A) From 120 landfill gases as stated in 
VDI-guideline 3860 Part 1, *L4 and L3 concentrations were estimated, trimethylsilanol is not 
considered (B) Concentrations in landfill gas of the facility Vereinigte-Ville, Erftstadt-Liblar, 
Germany, determined over 40 days. 
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VMS removal and methane losses 
Figure 7-7 shows the removal of the monitored VMS at the six operating points. 
Displayed are mean values with error bars. The errors were calculated by closing 
the mass balances either with the permeate or retentate flow and concentrations.  
As expected from the laboratory experiments, the most volatile siloxane L2 was 
the most difficult to remove. The two other most abundant siloxanes, D4 and 
D5, showed excellent removal efficiency. D3, L3 and L4 compose less than 5% 
of the silicon content in the landfill gas; their removal efficiency therefore has 
little influence on the total silicon removal. L4 removal was difficult to quantify 
as retentate concentrations were very low and often not reliably detectable. This 
can be seen by the comparatively large errors. Nevertheless, D3, L3 and L4 also 
showed satisfying removal efficiencies above 60%.  
The results at the different operating points are the basis for the following 
conclusions: 
 
 
 
 
 
 
 
 
 
Figure 7-6: Calculated mass and molar VMS distribution. L2, D3, L3, D4, L4 and D5 are 
considered sole silicon sources. (A) From 120 landfill gases as stated in VDI-guideline 3860 Part 
1, (B) Vereinigte-Ville, Erftstadt-Liblar, Germany, median values determined over 40 days. 
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• The lower the temperature, the higher the removal efficiency and the 
lower the methane losses over the membrane (operating point 2) 
• Decreasing the pressure ratio (operating point 4) has a more evident effect 
on the VMS with high permeabilities, i.e. D5 and D4. Their removal 
efficiency decreases by roughly 10% when the pressure ratio was reduced 
from φ=28 to 14. In contrast hereto, the separation of L2, being the 
siloxane with the lowest permeability, was selectivity-controlled and 
removal remained practically unchanged. 
• There is no conspicuous difference in VMS removal efficiency between 
raw landfill gas and pre-dried gas. A pre-drying step, as realised by chilling 
to +5°C, condensing water vapour and reheating the landfill gas, does 
therefore not seem necessary for a membrane-based siloxane removal 
system. 
 
With respect to the experimentally found methane losses and the stage-cuts 
(Figure 7-8), no general dependences can be identified with good certainty. 
Nevertheless, judging by the mean values of the measurements, it can be 
postulated that both methane losses and stage-cut slightly decrease with 
temperature. This is well explicable by higher VMS-methane selectivities at lower 
temperatures. Methane losses were lowest in operating point 2 (where membrane 
temperatures were lowest) and amounted to 6.4%±0.4%. A membrane 
temperature of 35°C led to methane losses of 6.6%±0.6%, 40°C caused 
 
Figure 7-7: VMS and silicon removal at six operating points: 1) T=40°C, φ=28 bar/bar, pre-dried 
landfill gas 2) 25°C <T<35°C, φ=28, pre-dried gas 3) T=35°C, φ=28, pre-dried landfill gas  
4) T=35°C, φ=14, pre-dried landfill gas 5) T=35°C, φ=14, raw landfill gas, 6) T=35°C, φ=28, raw 
landfill gas. Feed flow: 120 NL h-1, 1.4 barabs. 
 
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
L2 D3 L3 D4 L4 D5 total 
VMS
total Si
Re
m
o
v
al
 
(%
)
1 2 3
4 5 6
Operating point:
7. Proof of principle  | 103 
7.4%±0.5%. As expected from the laboratory experiments, methane losses were 
practically independent of the pressure ratio realised. The stage-cut, on the other 
hand, still increases slightly at higher pressure ratios. This observation is in good 
agreement with the simulations performed assuming synthetic biogas, (Figure 
6-9, graphs C and D).  
 
BTEX-removal 
The removal of hydrogen sulphide and the BTEX components is displayed in 
Figure 7-9. Ethylbenzene, m- and p-xylene, o-xylene, benzene and toluene are 
very well removed. Hydrogen sulphide, however, is as similarly difficult to 
remove as L2, regardless of the applied pressure ratio. Operating points 4 and 5 
imply a pressure ratio of φ=14: BTEX- removal efficiencies drop notably, 
indicating pressure-ratio controlled operation. Again, there is no conspicuous 
difference between pre-dried and raw landfill gas. Although hydrogen sulphide 
removal is rather disappointing, from the point of view of meeting engine 
warrantees specifications, sulphur concentrations do not need to be reduced. 
Sulphur concentrations in landfill gases are generally in the range between 20 and 
670 mg m-3 (VDI, 2006) and engine warrantee specifications allow concentrations 
above 1000 mg m-3 (McBean, 2008). The operators of the facility in Erftstadt-
Liblar, for example, state an average hydrogen sulphide concentration of 900 mg 
m-3. BTEX concentrations amount to 120 mg m-3 but do not pose any particular 
problem to engine operation. This is why their very good removal by the 
membrane implies no obvious advantage. 
 
 
Figure 7-8: Methane loss, carbon dioxide loss and stage-cut at six operating points: 1) T=40°C, 
φ=28 bar/bar, pre-dried landfill gas 2) 25°C <T<35°C, φ=28, pre-dried gas 3) T=35°C, φ=28, 
pre-dried landfill gas 4) T=35°C, φ=14, pre-dried landfill gas 5) T=35°C, φ=14, raw landfill gas, 6) 
T=35°C, φ=28, raw landfill gas. Feed flow: 120 NL h-1, 1.4 barabs. 
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Conclusions 
It was shown that a commercially available PDMS membrane module could 
remove siloxanes from landfill gas over a period of 41 days. Total silicon removal 
was in the range between 70 and 90%, depending on the operating point. The 
landfill gas contained relatively high levels of VMS. The silicon concentration 
(assuming the six studied siloxanes L2, D3, L3, D4, L4 and D5 as sole silicon 
source) equalled approximately 27 mgsi Nm
-3. Moreover, of the analysed 
siloxanes, the most volatile and most difficult VMS to remove, L2, was especially 
abundant (20 wt%). The module showed no signs of diminishing separation 
performance and the pilot plant worked flawlessly during operation. The 
membrane module can apparently purify landfill gas with no pre-treatment 
necessary, (i.e. dehydration via chilling). It is recommendable to keep the 
operating temperature as low as possible, in order to increase the removal of the 
more volatile siloxanes and to reduce methane losses over the membrane. 
Increasing the pressure ratio from φ=14 to 28 has no visible effect on L2 
removal (selectivity-controlled), D4 and D5 removal increased by roughly 10%. 
Essentially independent from the pressure ratio or any other operating condition 
(except perhaps temperature), methane losses amounted to approximately 7% 
and are directly related to the membrane material’s carbon dioxide-methane 
selectivity (judging by the laboratory experiments conducted in chapter 6, 
methane losses would be around 5% in 4-end operation). The low selectivity 
remains the main weakness of PDMS for siloxane removal, regardless of 3-or 4-
end operation. 
 
 
Figure 7-9: Hydrogen sulphide and BTEX removal at six operating points: 1) T=40°C, φ=28 
bar/bar, pre-dried landfill gas 2) 25°C <T<35°C, φ=28, pre-dried gas 3) T=35°C, φ=28, pre-dried 
landfill gas 4) T=35°C, φ=14, pre-dried landfill gas 5) T=35°C, φ=14, raw landfill gas, 6) T=35°C, 
φ=28, raw landfill gas. Feed flow: 120 NL h-1, 1.4 barabs. 
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8. Membrane and process design 
 
As previously stated, the studied PDMS membrane without porous support is especially 
suitable for 4-end operation. Sweep gas has direct contact with the backside of the dense active 
layer, keeping VMS partial pressures on the backside of the membrane low. Nevertheless, due 
to reasons of mechanical stability and handling, the hollow fibres require a certain minimum 
wall thickness. As a consequence, this constraint leads to relatively high membrane area 
requirements for a specified degree of siloxane depletion.  
An alternative is conventional membrane morphology, i.e. the selective active layer is either 
directly coated onto a porous, generally unselective sub-structure, or, in case of materials difficult 
to combine, a gutter layer is applied between the porous support and the active layer. The 
conventional morphology is suitable for 3-end operation, which, in terms of energy requirements, 
proved to be less advantageous than 4-end operation.  
Special emphasis of this chapter lies on theoretical considerations about possible membrane 
structures that ideally conserve the good intrinsic separation performance of the active layer 
material. Moreover, a state-of-the-art biogas purification process is presented and compared with 
a membrane-based siloxane removal concept. 
 
Membrane design 
Porous support and gutter layers 
Among the materials tested, PDMS, Pebax 2533 and Keltan 578 have shown 
both good permeability and selectivity and are thus good membrane candidates. 
In order to exploit the high ideal siloxane-methane selectivity of any of these 
three materials, special attention must be given to the porous support structure 
onto which a thin layer of the selective layer is typically applied. 
The thinner the active layer, the higher the flux over the membrane, and the less 
membrane area is needed for a given separation task. Although generally true, it 
is important to avoid making the active layer so thin that it poses a mass 
transport resistance in the same order of magnitude as the porous support. This 
would not only effectively reduce the membrane structure’s permeability, but also 
its selectivity.  
The total mass flow resistance of a membrane structure can be regarded as 
resistances in series: the resistance of the active layer (AL) is selective and is thus 
different for the gases to separate. Depending on the pore size of the porous 
support (PS), its resistance can be considered unselective and identical for both 
gases. A mass transport resistance can be regarded as the reciprocal value of 
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permeance; resistances in series add up to a total resistance according to 
Equation 8-1. 
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In the attempt to reduce the required membrane area, a design criterion could be 
to accept a maximum 10%-decrease in permeance, f, as an effect of the porous 
support, Equation 8-2. 
 
AL
tot
Q
Q
1f −=  (-) Equation 8-2 
 
Figure 8-1 shows how total permeance (iso-lines) depends on the permeances of 
the support and the active layer. Possible combinations of QPS and QAL fulfilling 
the design criterion (e.g. f=10%, respectively 5% permeance loss) can be found 
right of the dashed, straight line. The equation of this line can be derived by 
combining Equation 8-1 and Equation 8-2: 
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These considerations are valid, if the porous layer is not selective, i.e. it does not 
possess Knudsen- or molecular sieve selectivity.  
 
 
Figure 8-1: Total siloxane permeance (iso-lines) as a function of permeance of the active and 
porous layer  
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The loss of permeance is also associated with a decrease of ideal selectivity,  
g=1-αtot/αAL. Total ideal selectivity can be expressed as: 
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Eliminating the permeance of the porous support QPS by relating it to the loss of 
permeance f (Equation 8-3) yields g as a function of f and αAL: 
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This loss of selectivity depends on how selective the active layer is. It is generally 
smaller than permeance loss, but practically becomes identical to f at very high 
ideal selectivities of the active layer, as is the case for Keltan 578 or Pebax 2533.  
Thin state-of-the-art PDMS membranes have an active layer thickness of roughly 
0.25 µm; this corresponds to oxygen permeances of roughly 5 Nm3 h-1 m-2 bar-1 
(jan.wind@gkss.de, 2007). Oxygen permeability in PDMS between 20 and 30°C 
is approximately 440 Barrer, i.e. more than 100 times lower than for D5 
(compare Table 6-1). D5 permeance in this active layer would be roughly 
500 Nm3 h-1 m-2 bar-1. In order to keep permeance and selectivity losses below 
10%, the porous layer would have to be at least nine times as permeable, 
corresponding to about 4500 Nm3 h-1bar-1m-2. Own measurements with a wide 
variety of supports have shown that this value is virtually impossible to realise. 
The commercially available polypropylene microfiltration membrane PP S6/2 by 
Membrana, for example, had a nitrogen permeance of roughly 500 Nm3 h-1 m-2 
bar-1. Flat-sheet asymmetric polyacrylonitrile porous supports made by 
Helmholtz-Zentrum Geesthacht, specially intended for coating with elastomeric 
active layers, were also tested and permeance was between 100 and 
400 Nm3 h-1 m-2 bar-1 throughout. If the above, extremely thin membrane of 
0.25 µm thickness were used for siloxane depletion, there would theoretically be 
a significant decrease in siloxane permeances of about 60% due to the porous 
support. Selectivity would also decrease significantly. This makes clear that not 
every porous support coated with a selective elastomer is suitable for siloxane 
removal and that permeance might not increase by the same factor the active 
layer thickness is reduced. 
In case of supports (Sup) incorporating selective gutter layers (GL), total 
permeance can again be calculated by applying Equation 8-1. As can be seen, 
Equation 8-6 becomes equivalent to Equation 8-1, if the gutter layer is infinitely 
permeable, i.e. no gutter layer is applied. 
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Similarly, total selectivity can be calculated using Equation 8-7. 
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Figure 8-2 shows possible combinations of porous supports with active layer 
thicknesses for (A) PDMS and (B) Pebax 2533 at different ideal VMS-methane 
selectivities and 30°C. The loss in permeance is constant and amounts to f=10%.  
Due to the high permeability of the material, the active layer of PDMS must be 
considerably thicker than for Pebax (and for virtually all other elastomers). 
Possible PDMS or Pebax 2533 composite membranes should be located above 
the iso-selectivity line, if further losses in permeability are to be avoided. 
Although permeance will decrease upon further reducing the active layer 
thickness, of course, the overall permeance through the membrane structure will 
increase, leading to lower required membrane area. Nevertheless, the 
consequence is a loss in selectivity. This loss possibly has no visible effect on the 
separation performance of the membrane. This is the case if selectivity is already 
high and the membrane is operated in the pressure-ratio-controlled regime (at 
low pressure ratios, Figure 3-3). In other words, if a highly selective membrane 
such as Pebax 2533 and Keltan 578 is operated in 3-end at pressure ratios below 
say 20, the active layer thickness can be reduced, taking selectivity losses 
consciously into account. However, higher fluxes through the membrane, e.g. 
due to ever decreasing active layer thicknesses can have an unwanted side-effect: 
concentration polarisation. 
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Concentration polarisation 
Highly selective and permeable membrane materials are especially susceptible to 
concentration polarisation. Ever thinner membranes can become so permeable, 
that the diffusive transport resistance of the permeants directly to or from the 
bulk gas stream might become flux-controlling. The PDMS membrane modules 
in chapters 6 and 7 were operated with feed flows inducing a laminar flow regime 
inside the fibres; Reynolds numbers were well below Re=10. A turbulent flow 
regime inside a cylindrical tube arises at Reynolds numbers above roughly 2300. 
If, hypothetically, the fibre wall thickness (i.e. active layer) was reduced by, say, a 
factor of 100 from 45 µm to 0.45 µm, and the feed flow was increased by the 
same factor, VMS separation performance would theoretically remain unchanged, 
but with 100 times less membrane area needed. The flow regime stays laminar 
 
 
 
Figure 8-2: Theoretical active layer thickness of (A) PDMS and (B) Pebax 2533 as a function of 
porous layer permeance. The iso-selectivity lines imply 10% loss in permeance due to the porous 
support. Ideal VMS-methane selectivity refers to the active layer. 
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(Re=1000) and the diffusive flux of the permeants through the concentration 
boundary layer must increase by a factor of 100. Considering a worst-case 
scenario, the mean diffusive path of a D5 molecule (the most concentration 
polarisation-susceptible siloxane) to the membrane’s surface is approximately 
25 µm, i.e. ( )2/21 −  times the inner diameter. (This factor arises from calculating 
the centre of gravity of a half-circle cross section). In case of the membrane with 
the reduced active layer thickness of 0.45 µm, this would imply a diffusion path 
to the membrane surface roughly 55 times as long as through the active layer 
itself. Although diffusion coefficients in gases are generally much higher than in 
solids, two concentration polarisation-enhancing aspects must be taken into 
account. On the one hand, D5 is a large molecule making it slow in the gas 
phase. On the other hand, in the membrane, D5 is also the fastest permeating 
siloxane. The ratio of permeating volume flux JV to diffusive transport in the 
membrane boundary layer (BL) is called the Peclet number, (total permeating 
volume flux JV refers to feed pressure). 
 
i
BL
V
D
δ
JPe ⋅=  (-) Equation 8-8 
 
The Peclet number can be used to quantify concentration polarisation. If the 
mass transfer coefficient of the boundary layer is in the same order of magnitude 
as the permeability of the membrane, the Peclet number is large and D5 will be 
the first siloxane to be effected by concentration polarisation. This reasoning is 
very similar to the previously described resistance in series-model for the porous 
support layer, Equation 8-4. Again, a certain degree of concentration polarisation 
could be willingly taken into account. This can be quantified by the concentration 
polarisation modulus ci,0 /ci,b, describing the ratio of the permeant concentration 
at the membrane surface (index “0”) to its concentration in the bulk flow (index 
“b”). The concentration polarisation modulus as a function of the Peclet number 
and the intrinsic enrichment factor is given in Equation 8-9, (Baker, 2000): 
 
( )
( )( )1PeexpE1
Peexp
E
E
c
c
00b,i
0,i
−+
==  (-) Equation 8-9 
 
As siloxanes are enriched in the permeate, in case of concentration polarisation, 
their concentration at the membrane ci,0 is lower than in the feed bulk, so the 
concentration polarisation modulus is smaller than unity. Also smaller than unity 
is the enrichment ratio, defined as the enrichment factor with concentration 
polarisation E divided by the intrinsic enrichment factor of the membrane 
8. Membrane and process design  | 111 
without concentration polarisation E0. Figure 8-3 (Wijmans et al., 1996) is the 
graphical presentation of Equation 8-9 for a variety of intrinsic enrichment 
factors.  
 
 
The so-called Wijmans-plot shows that in contrast to compounds that are held 
back by the membrane, compounds that are enriched in the permeate (such as 
VMS) are effected by concentration polarisation at much lower Peclet numbers 
already. Intrinsic enrichment E0=y*/x* is linked to ideal selectivity according to 
Equation 3-8 for a binary gas mixture. The already introduced root function plot 
(Figure 8-4, graph A) is useful to determine how low Peclet numbers should be 
kept to avoid concentration polarisation, graph B. As can be seen, a high ideal 
selectivity and high enrichment factors (achievable at high pressure ratios) will 
make the membrane more susceptible to concentration polarisation, requiring 
lower Peclet numbers.  
 
 
 
Figure 8-3: Concentration polarisation modulus ci,0 /ci,b as a function of the Peclet number and 
intrinsic membrane enrichment (Wijmans et al., 1996). Reprinted from Journal of Membrane Science, 
109, J.G. Wijmans, et al., The role of boundary layers in the removal of volatile organic compounds from water by 
pervaporation, 135-146 (1996), with permission from Elsevier. 
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For the membrane designer, this translates into keeping the active layer thickness 
above a certain value, consciously limiting the permeating flux JV. With regard to 
the previously described worst-case scenario: in order to calculate the flux JV,99%, 
at which practically no concentration polarisation (ci,0/ci,b=99%) is expected, the 
diffusion coefficient of the most concentration polarisation-susceptible siloxane, 
D5, must be estimated. The diffusion coefficients are higher on the low-pressure 
permeate side, so concentration polarisation is assumed in the feed only. An 
easily applied semi-empirical correlation to calculate diffusion coefficients of 
gases in a binary system was proposed by Chen and Othmer, Equation 8-10 
(Chen & Othmer, 1962). The correlation is particularly useful as it does not 
require any complicated physical properties: merely the molar mass, the critical 
temperature and the critical volume of the respective components are needed. 
 
 
 
Figure 8-4: (A) Membrane-intrinsic enrichment factor y*/x* as a function of pressure ratio and 
ideal selectivity for a binary gas mixture and (B) as a function of the Peclet number and the 
concentration polarisation modulus (dashed lines). 
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(cm2 s-1) Equation 8-10 
 
The following physical properties of D5 are assumed: M=371 g mol-1, Vc=1216 
cm3 mol-1, Tc=619 K (Daubert & Danner, 1989). According to Equation 8-10, at 
20°C and 1 atm, the diffusion coefficient of D5 in carbon dioxide (M=44 g mol-1, 
Vc=95.7 cm
3 mol-1, Tc=304 K) amounts to 0.023 cm
2 s-1, respectively 0.039 cm2 s-1 
in methane (M=16 g mol-1, Vc=98.8, Tc=191 K). Assuming a mean diffusion 
coefficient of DD5=0.031 cm
2 s-1 and the previously calculated mean diffusion 
path on the feed side of δBL=25 µm, JV can be plotted as a function of intrinsic 
D5 enrichment, Figure 8-5.  
 
 
The PDMS module used for the proof of principle (chapter 7) exhibited a 
permeating flux of roughly 0.11 Nm3 h-1 m-2 under the applied operating 
conditions in 3-end. With intrinsic D5 enrichment between 13 (in carbon 
dioxide) and 21 (in methane) at φ=28, this flux (dotted line) induces 
concentration polarisation to a comparatively small degree: the concentration 
polarisation modulus is roughly 95%. Nevertheless, it becomes clear that any 
reduction of the active layer thickness, e.g. by a factor of 10 to around 4.5 µm, 
will inevitably lead to higher permeate fluxes and more pronounced 
 
Figure 8-5: Membrane-intrinsic enrichment factor y*/x*of D5 as a function of the permeating 
volume flux and the concentration polarisation modulus. Assumptions: DD5=0.031 cm2 s-1 (at 
20°C, 1 atm, in a 50/50 vol% methane carbon dioxide mixture) and δBL=25 µm. 
1
10
100
1000
0.0001 0.001 0.01 0.1 1 10 100
In
tr
in
si
c 
en
ric
hm
en
t y
D5
*
/x
D5
*
 
(-)
Permeating flux JV (m3 m-2 h-1)
MedArray PDMS contactor 
operated with biogas 
(∆p=1.35 bar) 
cD5,0/cD5,B=50%
cD5,0/cD5,B=10%
114 | 8.  Membrane and process design 
concentration polarisation. For example, the use of state-of-the-art PDMS 
membranes with an active layer thickness well below 0.5 µm would lead to drastic 
concentration polarisation with D5 concentrations at the membrane being more 
than ten times lower than in the bulk feed stream.  
Designing a membrane structure 
Amongst the identified membrane materials, PDMS is by far the most studied, 
accepted and commercially used in many applications. Siloxane-methane 
selectivity is acceptable, except for L2, which can unfortunately be a major silicon 
source in landfill gas. The biggest drawback of PDMS, however, is not its limited 
L2 permeability but comparatively low carbon dioxide-methane selectivity (Table 
5-2). At elevated silicon removal of about 80%, this leads to high methane losses 
of approximately 7% at 20°C. In this regard, Pebax 2533 is clearly the better 
membrane material, with an ideal carbon dioxide-methane selectivity of 
approximately 7.1 at 30°C. By cooling the landfill gas and the membrane, ideal 
selectivity can be increased even further: αCO2-CH4=8.2 at 20°C, 9.5 at 10°C and 
10.3 at 5°C. A most probable positive side effect of lower temperatures implies 
significantly higher VMS permeances through the membrane, as was shown for 
PDMS (Table 6-1). This would especially improve L2 removal. As already 
mentioned, a Pebax 2533 membrane could not be studied experimentally, 
because it was neither commercially available nor was it possible to manufacture 
an active layer without defects. A practical idea is therefore to coat a 
commercially available, easy-to-handle PDMS membrane with a thin layer of 
Pebax 2533, Figure 8-6. 
 
 
The PDMS gutter layer serves to provide a non-porous surface, so that an active 
layer of Pebax can be applied more easily. The total ideal selectivity of this 
membrane is calculated using Equation 8-7. As previously mentioned, the 
thinnest flat-sheet PDMS membranes available at Helmholtz-Zentrum 
 
Figure 8-6: Proposed membrane morphology for siloxane removal from landfill gas 
Active layer:
Pebax 2533
Porous support
Gutter layer:
PDMS
Defects Protective coating
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Geesthacht have an active layer thickness of around 0.25 µm and the 
permeability of the porous support is prudently estimated to be around 
100 Nm3 h-1 m-2 bar-1. Figure 8-7 shows how increasing the active layer thickness 
of Pebax 2533 will lead to a rise in ideal carbon dioxide-methane selectivity. A 
compromise could be to realise an active layer thickness that reaches 95% of the 
ideal selectivity of pure Pebax 2533, i.e. roughly 0.4 µm at 20°C (dashed vertical 
line). The required active layer thickness is slightly lower at 5 and 10°C (not 
shown). 
 
 
Compared to a plain PDMS membrane, the proposed membrane structure will 
decisively increase ideal carbon dioxide-methane selectivity, nonetheless siloxane 
permeance will decrease. Moreover, in comparison with a membrane made from 
Pebax only (no gutter and support layer), the proposed structure causes losses in 
siloxane permeability and selectivity as a glance at Figure 8-2, graph B, suggests. 
More precisely, the proposed combination of an active layer thickness of 0.4 µm 
and a porous support permeance of 100 Nm3 h-1m-2 bar-1 causes permeability 
losses at ideal siloxane-gas selectivities of above roughly α=50 (which is clearly 
the case for Pebax 2533, Figure 5-8, graph A). Figure 3-3 shows that intrinsic 
siloxane enrichment at application-typical pressure ratios below φ≈30 does not 
differ greatly for high selectivities above α=100. Therefore, siloxane-gas 
selectivity should be kept above this value by increasing the active layer thickness 
of Pebax 2533. This measure is also advisable to avoid concentration 
polarisation. Rightly assuming “very high” ideal siloxane-gas selectivities for 
Pebax 2533 (Figure 5-8, graph A), the membrane-intrinsic enrichment factor 
y*/x* is practically almost equal to the applied pressure ratio, (Figure 8-4, graph 
 
Figure 8-7: Coating an active layer of Pebax 2533 onto a PDMS membrane: the effect of active 
layer thickness on total carbon dioxide-methane selectivity. Assumptions: δGL,PDMS=0.25 µm, 
QPS=100 Nm3 h-1m-2 bar-1 . 
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A). At φ=30 and a calculated mean volume flux in vacuum operation of roughly 
JV=3.9 Nm
3 h-1 m-2, the concentration polarisation modulus cD5,0/cD5,b is as low as 
around 50%, Figure 8-5. It is perhaps even higher, depending on the laminar 
boundary layer thickness.  
In view of these considerations, it is suggested to increase the active layer 
thickness of Pebax 2533 by a factor of 3 to 1.2 µm. The carbon dioxide, methane 
and VMS permeances of this membrane are stated in Table 8-1. They were 
calculated with the help of Equation 8-6, the gas permeabilities given in Table 5-2 
and the siloxane permeabilities stated in Figure 5-5 (for Pebax) and in Table 6-1 
(for PDMS). 
 
Table 8-1: Membrane with a PDMS gutter layer (δ=0.25 µm) and Pebax 2533 (δ=1.2 µm) as active 
layer: calculated methane, carbon dioxide and VMS permeances.  
 
Thickness 
(µm) 
Permeance Qi (Nm3 h-1 m-2 bar-1) 
  L2 D3 L3 D4 L4 D5 CO2 CH4  
αCO2-
CH4 
PDMS  
(gutter layer) 
0.25 103 219 341 431 532 546 29 8  3.6 
Pebax 2533 
(active layer) 
1.2 5.7 5.0 20.9 27.2 45.1 37.1 0.387 0.047  8.2 
TOTAL 1.45 5.2 4.6 16.4 20.4 29.4 25.8 0.380 0.047  8.1 
Porous support permeance: QPS=100 Nm3 h-1 m-2 bar-1. 
 
VMS permeances in Pebax 2533 are likely to be slightly overestimated, as they are 
based on permeabilities measured at 27°C±2°C (Figure 5-5). Figure 8-8 shows 
this membrane’s VMS separation performance at a selection of permeation 
numbers. It becomes clear that high silicon depletion can be achieved and at the 
same time, methane losses are only around 1 to 2%. 
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Figure 8-8: Simulated PDMS-Pebax 2533 membrane separation performance in counter-current 
3-end operation, 20±1°C. (A) Silicon removal ρ (B) silicon depletion δ (C) stage-cut SC and  
(D) methane loss λ. Feed gas: 50 vol% methane and 50 vol% carbon dioxide. VMS mass 
distribution in the feed: 61% D4, 16% D5, 16% L2, 4.4% D3, 2.2% L3 and 0.4% L4.  
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Process comparison 
The collected gas on the landfill “Vereinigte Ville” (chapter 7) is first chilled in 
order to condense water and remove hydrophilic minor components before it is 
re-heated and led to activated carbon adsorbers for final purification. This state-
of-the-art process is the benchmark for a membrane-based purification concept. 
Both processes are displayed in Figure 8-9. 
 
 
As was studied in the previous section, a Pebax 2533-coated membrane, 
conceived with a gutter layer of PDMS for easier coating, is the best membrane 
as currently predictable. The membrane simulations (Figure 8-8) have shown that 
the molar fraction of methane in the permeate stream is around 12% (not shown) 
and fairly independent of the chosen permeation number. This means that the 
permeate stream cannot be flared in a conventional torch, which usually requires 
around 25-30% methane for stable combustion. However, non-catalytic 
oxidation reactors operating above 1000°C are commercially available and are 
already used to dispose of low-calorific gases. The so-called VocsiBox®-
technology by Haase Energietechnik, (Neumünster, Germany), for example, 
claims to autothermally oxidise waste gas with a methane content above 0.3 vol% 
(Haase, 2010). Treating the permeate with such a system could probably 
eliminate VMS and other organic compounds very cost-efficiently, as no 
additional energy or material streams are needed for operation. An obvious, but 
tolerable disadvantage is the irreversible loss of the permeated methane upon 
oxidation. As an alternative, the gas could also be treated with inexpensive 
biofilters. 
Cost estimation 
If not a portion of the landfill gas is bypassed and remixed with the purified gas 
leaving the adsorber, the conventional activated carbon purification process will 
deliver practically siloxane-free landfill gas until the time of adsorbent 
breakthrough. In contrast hereto, a single-stage membrane process cannot 
 
Figure 8-9: Process comparison: state-of-the-art adsorption (left) vs. membrane-based system 
with vacuum pump (right) 
raw gas to engine
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AC raw gas
to engine
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intrinsically purify the landfill gas to these levels (at which siloxanes are barely 
detectable). However, this is neither necessary nor wanted. In order to make both 
processes comparable, it is assumed that on the one hand, the membrane should 
deplete silicon to about 10% and, on the other hand, one tenth of the feed 
stream bypasses the adsorber. Resorting to Figure 8-8, as an estimate, the 
following membrane parameters are chosen: φ=26 and П=0.14. These operating 
conditions result in a stage-cut of roughly 7.2 and methane losses of 
approximately 1.8%. To treat this stream, the membrane-based system would 
require a permeation area of approximately 460 m2 and a vacuum pump with a 
throughput of 110 Nm3 h-1, (i.e. 2340 m3 h-1). The state-of-the-art adsorption-
based system consists of a gas chiller and activated carbon adsorbers needing 
periodic adsorbent replacement. The operating costs are based on actual values 
and were provided by the operators of the landfill “Vereinigte Ville”. In Table 
8-2, the major operating costs of both purification processes are compared, based 
on an annual operating time of 8000 h. 
 
Table 8-2: Operating costs of silicon removal. Required silicon depletion: 90%. 
AC adsorption-based system   Membrane-based system (3-end vacuum) 
 Gas chiller    Vacuum pump  
  
el. power demand 
(kWh Nm-3) 
0.0244 
   
adiabatic isentropic 
compression power (kW) 
17.32 
  annual el. costs (€ a-1) €52,800     compression efficiency (-) 30% 
      annual el. costs (€ a-1) €92,400 
 AC-adsorbers    Membrane  
  adsorbent price (€ kg-1) 1.9    membrane price (€ m-2) 50 
  total adsorbent mass (t) 5    time until replaced (a) 3 
  time until exhausted (d) 28    replacement costs (€ a-1) €7,100 
  
annual costs (€ a-1)  €113,100 
   
methane losses (Nm3 h-1) 13.5 
(1.8%) 
      lost subsidy (€ kWhel-1) 0.07 
      
conv. efficiency  
(kWhel kWhth-1) 
40% 
      annual lost subsidies (€ a-1) €29,600 
        
Total annual operating costs €165,900     €122,000 
Landfill gas flow: 1350 Nm3 h-1 (AC process) and 1500 Nm3 h-1 (membrane process), landfill gas 
feed pressure: 1.3 barabs, price of electricity: 0.20 € kWh-1.  
 
Although the operating costs of the membrane-based system are roughly 25% 
lower, the price of electricity will probably rise in the future, effecting the 
membrane process stronger. (Of course, the price of activated carbon could also 
potentially rise). Maintenance and service costs are not included in Table 8-2: the 
vacuum pump will need to be regularly overhauled and the activated carbon 
process requires service costs for monthly adsorbent replacement. In both cases 
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of machinery downtime, no biomethane can be harvested. Considering these 
uncertainties, it is not possible to make a convincing recommendation for one 
process.  
Revisiting 4-end 
The biggest drawback of the 3-end membrane process is the vacuum pump and 
especially its relatively high electric power consumption. A vacuum pump is not 
needed for 4-end operation. Instead, a more cost-efficient fan can be used. Air is 
the only reasonable sweep gas. The silicone modules studied in chapters 6 and 7 
expose the same central shortcoming of PDMS in removing siloxanes: ideal 
carbon dioxide-methane selectivity is too low inducing relatively high methane 
losses. Coating the investigated support layer-free PDMS hollow fibre contactors 
from MedArray with Pebax 2533 can remedy this, albeit membrane area 
requirements will increase severely due to very low permeabilities. The Pebax 
coating must be roughly 13 µm thick to assure an ideal carbon dioxide-methane 
selectivity of 90%×αmax=7.3, (Table 8-3).  
 
Table 8-3: PDMS hollow fibre (δ=45 µm) coated with Pebax 2533 (δ=13.3 µm) as active layer: 
calculated methane, carbon dioxide and VMS permeances. 
Thickness 
                      (µm) 
Permeance Qi (Nm3 h-1m-2 bar-1) 
  L2 D3 L3 D4 L4 D5 CO2 CH4  
αCO2-
CH4 
PDMS 
contactor 
45 0.57 1.22 1.9 2.39 2.96 3.04 0.161 0.045  3.6 
Pebax 2533 
(active layer) 
13.3 0.52 0.45 1.88 2.45 4.07 3.35 0.035 0.004  8.2 
TOTAL 58.3 0.27 0.33 0.95 1.21 1.71 1.59 0.029 0.004  7.3 
 
Judging by this permeance decrease, in comparison to the membrane for 3-end 
(Table 8-1), the needed permeation area will have to increase by a factor of 
roughly 15 to achieve comparable VMS separation performance in 4-end. This 
would result in a total contactor area of 6900 m2. The MedArray-modules have 
packing densities of around 2300 m2 m-3 and would therefore not require more 
than roughly 3 m3. The smallest commercially available oxidiser (VocsiBox® 
VB1) treats waste gas streams between 500 and 1800 Nm3 h-1, and would 
therefore be well-suitable for the membrane-based purification system in 4-end 
operation. Needless to say, the high area requirements of this concept deter 
potential operators, let alone the fact that Pebax 2533-coated membranes are not 
commercially available.  
Of course, it is not imperative to use membranes without porous supports in 4-
end operation. Existing membranes for water vapour dehydration have porous 
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supports, are operated with sweep gas and are successfully commercialised. The 
membrane structure conceived for 3-end (Table 8-1) is therefore also worth 
investigating in 4-end operation, as the expected membrane area only amounts to 
roughly 425 m2. Membrane performance in 4-end operation is simulated and 
shown in Figure 8-10; possible performance-deteriorating effects caused by the 
porous layer, namely concentration polarisation, are neglected. 
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Figure 8-10: Simulated PDMS-Pebax 2533 membrane separation performance in counter-current  
4-end operation, 20±1°C. (A) Silicon removal ρ (B) silicon depletion δ (C) stage-cut SC and (D) 
methane loss λ. Feed gas: 50 vol% methane and 50 vol% carbon dioxide. VMS mass distribution in 
the feed: 61% D4, 16% D5, 16% L2, 4.4% D3, 2.2% L3 and 0.4% L4. Permeation number definition: 
П=QCO2 AM pF 1
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The effectiveness of using sweep gas depends on how well it reaches the bottom 
side of the active layer, where it can keep siloxane concentrations low. To which 
extent this is achieved is difficult to predict, as it depends on the employed 
porous layer, flow turbulence and the module design in general. Nevertheless, 
even if concentration polarisation in the porous support of the sweep side 
becomes noticeable, the operator can resort to increasing the sweep-to-feed flow 
ratio. Under ideal conditions with no concentration polarisation, (Figure 8-10), 
sweep-to-feed flow ratios above 1 have relatively little further effect on 
improving siloxane separation, as membrane performance is selectivity-controlled 
in this regime. In contrast hereto, a membrane experiencing concentration 
polarisation does not deliver the required separation performance due to 
insufficient partial pressure differences. To a certain extent, this is remedied by 
applying higher sweep-to-feed-flow ratios that keep VMS partial pressures on the 
sweep side low. Figure 8-11 shows the simulated D5 separation performance of 
the membrane defined in Table 8-1 at a given permeation number, П=0.11. 
Concentration polarisation is accounted for using an additional selective 
transport resistance that may arise in the porous support of the sweep side: 
 
i
BL
i,CP D
Tδ
Q
1 ℜ
=  (Nm3 h-1 m-2 bar-1)-1 Equation 8-11 
 
Again, the diffusion coefficients DCO2, DCH4 and DD5 at 1 atm and 20°C were 
calculated according to Equation 8-10.  
 
 
 
Figure 8-11: Reducing the effect of concentration polarisation by increasing the sweep-to-feed 
flow ratio. DD5=0.031 cm2 s-1, DCH4=0.175 cm2 s-1, DCO2=0.175 cm2 s-1,  
П=0.11=QCO2,AL AM pF 1
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The graph shows, for example, that a membrane experiencing concentration 
polarisation in a boundary layer of 600 µm can be operated at a sweep-to-feed 
flow ratio of 2.5 to reach 90% D5 removal. (A membrane with no concentration 
polarisation delivers 90% at a sweep-to-feed flow ratio of around 1 already). The 
additional diffusion resistance leads to a negligible decrease in carbon dioxide-
methane selectivity, so methane losses practically do not increase by applying 
higher sweep-to-feed flow ratios. 
 
In any case, 4-end is definitely the most cost-efficient process for VMS removal. 
Compared to the 3-end process shown in Table 8-2, a membrane process using 
air as sweep gas consumes 92% less electricity at equal methane losses (λ=1.8%, 
Π=0.11, sweep-to-feed flow ratio=1.5, ∆p=50 mbar). More importantly, it would 
cause less than one quarter of the operating costs of the state-of-the-art 
adsorption-based system. 
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9. Summary and outlook 
 
Both landfill and digester gases are valuable renewable energy sources 
contributing to a carbon dioxide-neutral generation of electricity. Public policy 
encourages biogas with generous subsidies in many countries, already having 
successfully stimulated fast growth of this energy utilisation in the last years. 
However, silicon-containing impurities have made harvesting biomethane 
increasingly difficult. Volatile methylsiloxanes (VMS) are rightly considered the 
most undesirable components of landfill and digester gas. Their detrimental 
effects on gas engines, turbines and other machinery are well known to cause 
increasing operating costs, either by the need of expensive gas purification 
technology or more maintenance. Man-made siloxanes are widely used in our 
industrial world and their usage is likely to increase even further. It is therefore 
widely accepted that VMS concentrations in landfill and digester gas will rather 
generally rise than fall in the years to come.  
 
State-of-the-art biogas purification systems are based on non-regenerable 
activated carbon. The biggest disadvantage associated with such systems pose 
high costs due to frequent media replacement and limited siloxane adsorption 
capacity in the presence of other adsorbing substances, mainly VOCs. This has 
sparked interest to study a siloxane removal concept almost completely new to 
the scientific community: membranes. Apart from two paragraphs in conference 
proceedings, in which the authors stated their abandonment of silicone rubber 
membranes for VMS removal (Albertsen, 1998), and an application 
(Poloncarzova et al., 2011) involving porous membrane contactors, no other 
related work on membranes was published apart from own publications. For a 
relatively long time, this was perhaps a consequence of the difficulties 
experienced with correctly and reproducibly analysing siloxane concentrations in 
biogas. Even today, there is no standardised, universally accepted sampling and 
analytical method for VMS. This dissertation provides a thoroughly investigated, 
truly easy-to-use and reliable method involving Tedlar® gas sampling bags and 
GC-MS, (chapter 0). This was the necessary groundwork for further research 
involving membranes.  
In order to make a pre-selection of suitable elastomers for siloxane removal, the 
VMS vapour transmission rates through 14 elastomeric films were determined 
experimentally. The three most VMS-permeable and generally suitable materials 
were identified as PDMS, Pebax®2533 and Keltan®578. The investigated 
Buna®-grades also showed high siloxane permeabilities, but were discarded due 
to difficult handling and strong swelling during permeation. Larger siloxanes 
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(D5) permeated better than smaller siloxanes (L2) in most of the polymers 
studied. This is more pronounced in elastomers of low glass transition 
temperatures. Gas permeation measurements revealed that Pebax 2533 has 
relatively high ideal carbon dioxide-methane selectivities of around 8. Moreover, 
Pebax 2533 is extremely permeable for VMS, making the material the preferred 
candidate for further investigations. However, Pebax 2533 membranes were not 
found to be commercially available and own efforts to coat porous supports with 
this material could not be extensively pursued.  
As an alternative, the VMS separation performance of a PDMS module (without 
any porous support structure) was determined experimentally in 3- and 4-end 
operation using synthetic biogas. A particular challenge to these tests were the 
extremely small, landfill gas-typical siloxane concentrations in the feed (roughly 
55 mgSi Nm
-3) requiring the previously developed GC-MS analytical routine. Mass 
balances around the membrane could be closed adequately well, confirming the 
aptness of the routine. Suitable membrane operating conditions were identified 
and displayed as dimensionless numbers for easy upscaling. PDMS suffers from 
its low carbon dioxide-methane selectivity. Although rather high levels of silicon 
removal (80 to 90% ) can be achieved, methane losses are about 6% and higher. 
For lower silicon removal requirements, however, methane losses are around 3%. 
Under reasonable operating conditions (implying low methane losses), L2 
removal was shown to be selectivity-controlled and did not exceed 40%, 
regardless of the applied pressure ratio or sweep-to-feed flow ratio. VMS 
permeability generally increases with decreasing temperatures, leading to an 
increase in ideal VMS-methane and carbon dioxide-methane selectivity at lower 
temperatures. Although chilling the biogas (and insulating the membrane) might 
represent a workable option to reduce methane losses, selectivities are still clearly 
lower than in the case of Pebax 2533. 
A larger model of the PDMS contactor was operated with real landfill gas over a 
period of 41 days to satisfy the proof-of-principle. The module worked flawlessly 
and no signs of diminishing separation performance were encountered during 
operation. Moreover, no gas pre-treatment step (e.g. dehydration via chilling) 
seems necessary, as the module was operated with both pre-dried and untreated 
raw gas with no noticeable differences in silicon depletion. Hydrogen sulphide 
removal was rather limited (in the range of L2), whereas the monitored BTEX 
were almost completely removed by the membrane. Again, methane losses were 
identified as the central drawback of the process. 
In view of this limited suitability of PDMS for siloxane removal from biogas, the 
attention was drawn back to Pebax 2533 and its considerably higher ideal carbon 
dioxide-methane selectivity. Theoretical considerations led to the design of a 
membrane that could be readily manufactured. It consists of a porous support 
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coated with PDMS, as thin as possible. The PDMS serves as a dense gutter layer 
that can more easily be coated with Pebax 2533, roughly 5 times as thick as the 
PDMS. Simulations with this membrane in 3-end have shown that methane 
losses can be reduced to about 1.8% assuring a silicon depletion of 90%. The 
operating costs of this process are lower than for a competing state-of-the-art 
adsorption-based system. However, the required vacuum pump is the most 
obvious disadvantage in 3-end. This disadvantage can be avoided using air as 
sweep gas in 4-end operation; the explosive limits of methane are not reached in 
the retentate and can easily be avoided in the permeate. In comparison to the 
proposed vacuum pump in 3-end, a sweep air fan needs to compress less air to a 
significantly lower pressure level (and has a notably higher isentropic efficiency). 
An uncertainty is whether the porous support on the sweep-permeate side 
represents a noticeable diffusion barrier to the sweep gas, leading to decreased 
siloxane removal. However, simulations show that higher sweep flows can easily 
be used to compensate this. Further experimental investigations in this regard are 
advisable. 
In both 3- and 4-end, the permeate stream must be treated, as it contains a 
variety of harmful and malodorous substances which are subject to emission 
regulations. Standard-use torches cannot be applied as methane content in the 
permeate is far lower than the required 25% for stable torch operation. High-
temperature, non-catalytic oxidation seems a possible option. Commercially 
available systems combust components such as siloxanes and VOCs. According 
to one manufacturer, the oxidisers operate autothermally with methane volume 
fractions as low as 0.3%. It is not known, however, how much silicon these units 
tolerate. Biofilters are also interesting: as long as all harmful copermeants are 
reduced to acceptable levels, the siloxanes must not necessarily be decomposed 
and could potentially be released into the atmosphere or -even better- be 
removed in a downstream activated carbon adsorber, which is bound to be 
significantly smaller than present units. 
 
Membrane-based silicon removal is competitive in both 3- and 4-end operation. 
Central prerequisite is a membrane with high siloxane permeabilities and a 
carbon dioxide-methane selectivity of say 7 or higher. Commercially available 
PDMS membranes cause considerable methane losses if the desired silicon 
depletion is high; decreasing process temperatures will not remedy this 
convincingly. However, Pebax 2533 membranes, especially when operated in 4-
end, clearly have the potential to significantly decrease operating costs for 
siloxane removal. Commercially available PDMS membranes with an active layer 
thickness of 0.25 µm could most easily be coated with a layer of Pebax 2533 
about 5 times as thick. Simulations have shown that the porous support must not 
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be particularly thin, so both flat sheet and hollow fibre modules are suitable for 
the application. If this concept is pursued, membranes could very probably 
replace activated carbon-based siloxane removal as the new state-of-the-art 
technology. 
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Nomenclature 
 
Abbreviations 
 
AC  activated carbon 
BTEX  benzene, toluene, ethylbenzene, xylene 
CP  concentration polarisation 
D3  hexamethylcyclotrisiloxane 
D4  octamethylcyclotetrasiloxane 
D5  decamethylcyclopentasiloxane 
GC-MS  gas chromatography mass spectrometry 
i.d.  inner diameter 
L2  hexamethyldisiloxane 
L3  octamethyltrisiloxane 
L4  decamethyltetrasiloxane 
MFC  mass flow controller 
N/A  not available 
PDMS  polydimethylsiloxane 
POMS  poly(octylmethylsiloxane) 
ppb  parts per billion, molar based 
ppm  parts per million, molar based 
PTFE  polytetrafluoroethylene 
RH  relative humidity 
RSD  relative standard deviation 
S/N  signal to noise ratio 
SD  standard deviation 
SIM  selected ion monitoring 
VDI  Verein Deutscher Ingenieure: Association of German 
Engineers 
VMS  volatile methylsiloxane(s) 
VOC  volatile organic compound 
VTR  vapour transmission rate 
 
 
Subscripts & superscripts 
 
*  local 
0  initial, original, reference 
abs  absolute pressure 
ads  adsorbed 
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AL  active layer 
b  bulk flow 
BL  boundary layer 
C  critical conditions 
comp  compression 
conv  conversion 
CP  concentration polarisation 
el  electric 
F  feed 
g  gauge pressure 
GL  gutter layer 
i  component i 
j  component j 
M  membrane 
N  normal conditions, assumed at 273 K and 100 kPa 
P  permeate 
PS  porous support 
R  retentate 
S  sweep 
sat  saturated 
Si  silicon 
Sup  support 
th  thermal 
tot  total 
V  volume  
vol  referring to volume 
wt  weight, referring to mass 
 
 
Symbols 
 
A  permeation area m2 
C, c  molar gas concentration mol Nm-3 
d  diameter m 
D  diffusion coefficient m2 s-1 
E  activation energy J mol-1 
e  specific energy consumption J Nm-3 
E  enrichment - 
f  permeability loss - 
g  selectivity loss - 
J  flux mol s-1 m-2 
m3 h-1 m-2 
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k  partition coefficient - 
M  molar mass g mol-1 
m  mass kg 
n  natural number - 
n&
 
 molar flow mol s-1 
p  pressure Pa 
P  permeability mol s-1 Pa-1 m-1 
Nm3 h-1 m-1 bar-1 
1 Barrer = 2.7×10-9 Nm3 h-1 m-1 bar-1 
 
Pe  Peclet number - 
Q  permeance Nm3 h-1 m-2 bar-1 
R  response - 
ℜ  universal gas constant 8.3145 J mol-1 K-1 
S  solubility coefficient mol m-3 Pa-1 
S/N  signal-to-noise-ratio - 
SC  stage-cut - 
T  temperature K 
t  time s 
Tg  glass transition temperature K 
V  volume m3 
V&
 
 volume flow m3 h-1, (Nm3 h-1) 
x  molar fraction - 
y  molar fraction - 
    
α  ideal selectivity - 
δ  thickness m 
δ  separation factor - 
δ  depletion - 
∆  difference - 
∆HL  lower combustion enthalpy J mol
-1 
η  methane yield - 
λ  methane loss - 
φ  pressure ratio - 
П  permeation number - 
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